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Abstract
The International Motor Vehicle Program's Engine Plant Study was launched in 1994 with
the objective of analyzing the factors that lead to better performance in automotive engine
manufacturing. Eighteen plants, covering 25 engine families from 10 different companies,
have participated by filling out a questionnaire and we have conducted follow-up visits to
the majority of these plants.
We have found that there is a very large variation in performance across plants. It takes
from 1.4 to close to 6 production worker hours to manufacture an engine. Efficiency,
measured as the share of all time available for production which results in good engines
produced, also varies from 40% to 85%. In terms of capital productivity, the capital
investment required per unit of capacity per shift ranges from $310,000 dollars to
$845,000.
We constructed a measure of cost-performance based on the principles of Total Factor
Productivity, which takes into account the costs of capital and labor. We calculated that it
costs on average $33 to produce the cylinder block of an engine, using local wages. The
ratio of the highest to lowest cost per block in our sample was in the order of 6 to 1.
We used our measure of cost-performance to conduct a statistical analysis of the factors that
affect performance. Half of the variation in performance is attributable to factors beyond the
control of the plant management (number of cylinders, number of variants, level of
utilization). Other factors which can be controlled by the plants were also found to
contribute to variation: an increase in the level of work-in-process inventory and in age of
the plant and workers seem to contribute to lower performance (higher cost per block).
Several factors that plants feel are important did not show up as important in our data, such
as the effect of variety on efficiency which plants warned us about but was not significant
in our study.
In general, it seems that plants have already been able to identify the main elements of
superior performance and are now trying to implement these concepts. There has been a
significant process of convergence across regions, but variation within regions remains
very large, which suggests that plants have faced different problems in their attempts to
implement the new concepts. The problem is how to enact the organizational change that is
necessary in order to adopt a new approach to manufacturing successfully.
Thesis Supervisor: Dr. Daniel E. Whitney
Title: Senior Research Scientist at the Center for Technology, Policy and
Industrial Development.
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Introduction
The International Motor Vehicle Program Engine Plant Study was launched in 1994 with
the goal of advancing the understanding of the factors that drive performance in engine
production in the automotive industry. Ten companies have participated in this first phase
of the study, and eighteen plants have filled out a questionnaire, comprising 25 different
engine production lines.
This thesis reports the findings of this first phase of the study with the goal of analyzing
how various factors affect manufacturing performance of automotive engine plants and
who has control over such factors, as well as defining some implications for the
management of engine plants.
First, in chapter 1, we present some of the basic background on this study by presenting an
overview of the International Motor Vehicle Program and its history, as well as of the
engine plant study. We also present an overview of the manufacturing process of an
automotive engine.
In chapter 2, we present the basic methodology for measuring performance in our study.
First, we define a series of criteria for developing a measure of performance based on a
discussion about what performance is and a review of literature on measuring and
comparing performance, and on total factor productivity measures. Then, we present a first
look at the data in our sample by discussing some basic measurements of performance such
as labor productivity, capital productivity and efficiency. Finally, we construct a measure
of cost-performance based on the guidelines defined.
Then, we used this measure of cost-performance to analyze the effect of various factors
through a statistical analysis which is presented in chapter 3. In order to be able to get more
depth and accuracy in our study, we focused on the block machining lines, and we
conducted regressions to examine the effect of each factor on cost-performance and on its
key determinants (number of workers per shift, amount invested, and efficiency of the
line).
First, we examined the effect of factors which are not under the direct control of the engine
plant such as the type of engine (number of cylinders), the level of variety (number of
variants) and the level of utilization and we found that these three factors contribute to close
to half of the variation in cost-performance across plants. Then, we looked at some factors
that seem to be under closer control by the engine plants: work-in-process inventory,
equipment policies and characteristics, and labor policies and characteristics.
Work-in-Process inventory appeared to be a significant determinant of performance and is
closely associated with cost (more inventory leads to higher cost per block). Also, it is
positively correlated with the number of workers and the amount of investment required.
Moreover, the level of WIP inventory seems to be determined in part by the level of
variety, which suggests that part of the influence of variety on performance takes effect
through a higher level of inventory.
Of the equipment policies and characteristics tested, the age of the plant seems to be the
most closely associated with performance: older plants are associated with lower efficiency
and higher cost per block. The number of machines is an important determinant of the
number of workers but does not have a visible effect on investment, efficiency, or cost.
Other factors such as the use of Total Productive Maintenance programs and the level of
cumulative production did not appear to have a significant effect on performance in our
sample.
Of the labor policies we examined, absenteeism and the age of workers appeared to be the
more significant variables. More absenteeism and older age are associated with lower
efficiency and higher cost per block. The existence of incentive programs and number of
hours of training per workers were also tested for an effect on performance but did not
yield any statistically significant results.
Finally, we examined the trade-offs between the factors that directly affect performance: the
number of workers, investment and efficiency. We found that there are some visible trade-
offs among the "resources" in our sample: workers can be replaced by investment, and
workers can be added to the lines in order to improve efficiency.
In chapter 4, we start by summarizing our findings, making emphasis on the enormous
variation across plants that we encountered and the lack of control of certain factors that
have a strong effect on performance. Then, we propose a series of implications for the
management of engine plants, suggesting that engine plants seem to have already identified
the general concepts of superior manufacturing practices and now need to focus on the
implementation of new approaches to manufacturing. We suggest that one of the main
obstacles that companies are encountering is that the organization as a whole seems to be in
need of change in order to adapt to new approaches to manufacturing, and that this
adaptation may require steps which may be unique to each plant because of the specific
obstacles and sources of resistance that each manufacturing facility may face. We conclude
with some recommendations for further study, emphasizing the need to conduct a
longitudinal analysis of engine plants as well as case studies in order to study more closely
the process of implementation and the effect of various policies and practices.
Chapter 1: Background and
Overview of Study
This thesis reports the results of the first phase of the International Motor Vehicle
Program's Engine Plant Study. This project was launched in 1994 with the goal of
advancing the understanding of the factors that affect performance in automotive engine
plants. This chapter introduces the background of this study. First, in section 1.1, we
present an overview of this program and introduce some of its main objectives and its
evolution. Then, in section 1.2 we present an overview of the IMVP Engine Plant Study,
its objectives, the data collected, and the methodology. Finally, in section 1.3, we describe
the manufacturing process of an automotive engine.
1.1 The International Motor Vehicle Program
The International Motor Vehicle Program (IMVP) is a multi-disciplinary research program
that involves most major auto manufacturers and some large suppliers as well as
government agencies. The program conducts comprehensive research studies on various
factors of the automotive industry. The IMVP, based at the Massachusetts Institute of
Technology, has assembled a group of researchers from various disciplines from various
institutions worldwide. The history of the program can be divided into two phases.
The first phase, from 1986 to 1990, consisted of an international comparative study which
analyzed the sources of performance in various aspects of the value chain of the
automobile, from product development, to supplier relationships and manufacturing, to
distribution networks. This study focused on identifying best practice techniques and
policies and illustrated the difference between two substantially different approaches to
manufacturing motor vehicles: mass production and lean production. This study attributed
the advance of Japanese manufacturers to the adoption of lean production techniques and
identified specific elements of the system that could be widely adopted. The results of this
study were presented in The Machine that Changed the World, 1990, which contrasted the
practices and results of lean production vs. traditional mass production.
Given the success achieved during this first phase and the impact that the book had on the
auto industry as well as other manufacturing industries, the program was extended and
expanded with broader objectives. In addition to continuing and expanding the analysis of
the components of best practice and competitiveness in the various links of the value chain
of the automobile, the study incorporated a focus on the interaction between the industry
and its environment. The main components of this second phase of the study have been:
* to expand the understanding of best practice methods;
* to examine the influence of new technologies on best practice techniques; and
* to analyze the process of adoption and diffusion of lean manufacturing principles.
The IMVP's current research efforts examine five general areas in the industry: Product
development; Supplier Relations; Manufacturing, organization and human resources;
Distribution; and Environmental issues.
One of the most important elements of the program has been the international study of
productivity at vehicle assembly plants which shed light into a significant productivity gap
across geographical regions during the first phase of the study. More recent findings seem
to indicate that the productivity gap is being cut. The nature of the remaining differences in
productivity appears to have changed from being based on substantially different
approaches to become a function of the ability to implement similar policies. Companies
around the globe seem to be converging towards lean production systems, and adopting
Total Quality Management programs which used to be almost exclusive to Japanese
companies.
Moreover, companies have become hungrier for information about the state of the industry
and are seeking ways to incorporate best practice techniques from other companies. They
have thus become increasingly interested in benchmarking studies and comparisons of
performance across different plants and companies. Some companies have undertaken
internal efforts to compare performance across plants in their network, and some have also
come out to exchange information with other companies.
Within this context, the IMVP has been expanding by initiating new research projects to
study more aspects of the automobile industry. One of this projects is the Engine Plant
Study, which was launched in 1994 and has been conducted by Dr. Daniel Whitney,
Senior Research Scientist at the Center for Technology, Policy and Industrial Development
at MIT; and the author.
1.2 The IMVP Engine Plant Study
1.2.1 Background and objectives
The International Motor Vehicle Program (IMVP) Engine Plant Study was initiated in the
Spring of 1994 with the goal of advancing the understanding of the drivers of performance
in automotive engine manufacturing. More specifically, the objectives of the study have
been the following: to create a base of knowledge of engine production, to develop a way
to measure performance, to analyze how various factors lead to differences in performance,
and finally, to develop guidelines or recommendations that may serve to improve
performance.
First, we needed to create a base of knowledge of engine production. We have learned that
while people understand well what constitutes good performance in certain areas of the
value chain of the auto industry, other links in the chain seem more obscure. For example,
there is a good base of knowledge about vehicle assembly operations, or product
development; on the other hand, there is significantly less documented knowledge about
engine production. For this reason, the starting point in this study was to create such a
base, in order to learn who manufactures engines, where, and, most important, how.
Second, we needed to develop a way to measure performance so that we could evaluate and
compare results across different plants. We first looked at some traditional single-factor
productivity measures such as the labor hours per engine in order to obtain a first look into
the performance of plants. Then, we turned to measures which would integrate the various
factors of performance in order to better capture overall productivity, and based on the
principles of Total Factor Productivity, we developed a measure of cost-performance for
our plants.
Third, once we had developed a measure of performance, we had to analyze how various
factors led to differences in performance across plants. We decided to trace various factors
that affect performance in different ways:
* External factors which are not under the direct control of the plant:
= the complexity of the product, in terms the number of cylinders, the number of
parts, and the manufacturability of the design of the engine;
= Product variety, in terms of the number of different products that are produced
on the same lines;
= Capacity utilization, measured as the percent of all time that the production lines
are used.
* Internal factors that may be controllable to some extent by the plant and may be
adjusted to improve performance:
= Work-in-process inventory;
- Equipment characteristics and policies such as the age of equipment, the number
of machines, the maintenance policies ;
-= Labor characteristics and policies such as the age of workers, absenteeism,
training, the organization in teams, and the implementation of incentive
programs.
* Drivers of performance which are the variables that directly affect performance:
= Efficiency of the lines, in terms of the number of good parts that were produced
divided by the number of parts that could be produced theoretically;
= number of workers per unit of production; and
= total investment per unit of capacity.
In addition to analyzing the contribution of these factors to the differences in performance,
we were interested in finding how these factors are related to each other. For example, how
does the efficiency of the line relate to the number of workers? Is it possible to improve
efficiency by adding workers? If so, is the gain in efficiency worth the increased labor
cost? What is the trade-off between the number of workers and the investment required.
1.2.2 Data
In order to perform our analysis, we have gathered data in three ways: through
questionnaires, plant visits, and through discussions and interviews with people from the
industry.
Based on a series of discussions with people from the auto companies and with other
researchers in the group, we decided to follow a methodology similar to that used on the
IMVP assembly plant study, and we created a questionnaire. We defined a set of standard
activities in order to be able to compare results across plants. The standard activities are the
following: machining of cylinder block, cylinder head, crankshaft, camshaft, and
connecting rods; the preparation of head subassembly and piston/ connecting rods
subassembly; basic assembly of engine; final assembly; and hot test.
We based the formulation of out questions on conversations with people from the plants,
as well as on the IMVP assembly plant study. We also made extensive use of an internal
questionnaire prepared by General Motors of Europe to guide our search. This initial
questionnaire was created in order to gather information about various aspects of engine
plants: their operations, equipment, workers, policies, and products, as well as their results
in terms of quality, productivity, etc. As we progressed in our analysis, we have narrowed
the focus of the study and created a second version of the questionnaire which concentrates
on a few key indicators. In addition, given the enormous complexity of the operations of an
engine plant, we decided to concentrate on studying the block machining lines, in order to
gain a deeper understanding under a narrower focus.
Ten companies have been participating in the study and have either sent us one or more
questionnaires or have promised to fill one:
* Fiat
* Ford (North America and Europe)
* General Motors
* Isuzu
* Nissan
" Opel
* Renault
* Toyota
* Volvo
* Volkswagen
Until now, we have gathered information from 18 engine plants, covering nearly one fifth
of all major engine production facilities worldwide. This sample includes 27 different
engine families, and 25 separate block machining lines. As shown on figure 1.1, fifteen of
the engine families consist of 14 (4 cylinders in-line) engines, five of 15 or 16, five V6 (6
cylinders in a V-arrangement), and two V8. Moreover, as seen on figure 1.2, half of the
eighteen plants in the sample are located in Europe, seven are located in North America
(Canada, Mexico, and the U.S.), and two in Japan.
Figure 1.1: Distribution of sample by cylinder arrangement
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We have complemented the data gathered through the questionnaires by conducting follow-
up visits to 12 of the 18 plants that have filled out a questionnaire. These visits have
provided us with a better understanding of the data from the plants and to gather additional
information. In addition, we have visited several other plants that have not participated with
a questionnaire yet.
1.3 Overview of an Automotive Engine and its Manufacturing
Process
A typical engine plant is in charge of supplying finished engines to a few vehicle assembly
plants. In general, the plant machines certain key components such as the cylinder block,
head, crankshaft, camshafts and connecting rods, and then assembles and tests engines. A
typical large engine plant employs a total of 300 to 1000 workers on one to three shifts, and
makes from 200,000 to 700,000 engines per year. Some plants are devoted to
manufacturing a single family of engine: for example, a plant may be dedicated to
producing an in-line 4-cylinder engine which may be produced in various displacements
(1.8, 2.0 and 2.2 liters for example). We have defined a family of engines as a series of
engines which share certain common characteristics such as the number of cylinders and
the distance between cylinder bores. When a plant produces various families of engines,
0
-- --
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separate lines are typically used: for example, when a plant produces 4 cylinder engines
and V6 engines, separate lines are used for I4s and V6s.
Engine production is a significantly capital intensive activity. A typical engine plant requires
from $300 to $800 million in capital investment in equipment and facilities. For this reason,
it is a very long term asset with significant economies of scale.
This section describes some of the basic features of the manufacturing process of
automotive engines which comprises two main parts: machining and assembly.
1.3.1 The machining area
In the machining departments, some of the key parts of the engine are produced which are
typically considered to be the strategic parts of the engine: cylinder block, cylinder head,
crankshaft, camshaft, and connecting rods. In addition, other "non-strategic parts" are
sometimes machined at the plants: oil pump, water pump, manifolds, pistons, flywheel.
Most of the other parts are outsourced to be assembled at the plant.
The machining area is the more capital-intensive part of the engine plant: it typically
employs from one third to half of the labor in the plant (290 workers on average), and it
account for 80% of the capital investment. In fact, these lines require a very significant
investment in order to purchase and install the machining machines and the tooling
required.
The block machining process, for example, generally consists of a transfer line, which
starts with a cast iron or aluminum raw block and ends with a complete cylinder block with
the corresponding bearing caps bolted on. A typical sequence of operations in a block
machining line is shown on Table 1.1.
Table 1.1: Sequence of operations at a typical block machining line
Operation
0 * block casting arrives from foundry (2 to 3 shifts of inventory of block
castings on average).
some pre-machining work may have been done, typically for
positioning purposes.
Courtesy Ford Motor Co.
10 * blocks are loaded on line (either manually or automatically).
20 * milling and/or broaching top and bottom: head face, top rail, oil pan face
* drilling and reaming manufacturing holes
30 * milling front and rear faces
* rough boring cylinder bores
40 * finish milling top and bottom faces
50 * milling lateral sides
60 * drilling on front and rear faces
70 * drilling on lateral sides
80 * drilling on top and bottom faces
90 * washing
100 * assemble bearing caps
110 * finish crank bores
120 * finish milling front and rear faces
130 * honing cylinder bores
140 * final washing
150 * press water plugs / cups
160 * leak test
170 * cylinder bore gauging and grading (mark size grade 1, 2 or 3 for example)
180 * unload blocks
First, the block is fed on the line. The main surfaces are machined (head surface, bearing
caps surface and crankshaft bore), followed by the front and back ends and the lateral
sides. Then, a series of drilling operations are performed for the oil and water channels,
and for the mounting of all other parts on the block. The block is then washed and the
bearing caps are assembled. Next, the crankshaft bore is finished, and the cylinder bores
are honed. Finally, the block is washed again and the water plugs are pressed into place.
After being unloaded from the transfer line, the machined cylinder block is then sent to the
basic engine assembly line where it serves as the core of the engine.
There are relatively few differences in block machining lines across plants. The operations
performed vary in certain details such as the number of surfaces and holes required, the
number of passes for each hole, the number of tools required or the number of machines.
However, for the most part, the cylinder block machining process is fairly similar from
plant to plant.
Other machining lines offer more room for diversity across plants. For example, the
manufacturing process for connecting rods can take significantly different forms: one
option is to make the part from sintered metal powder and then fracture it in order to
separate the bearing cap, or another option is to forge the part and machine it more
traditionally. This study, however, has focused on block machining lines, as explained in
chapters 2 and 3, which are the lines that all engine plants have.
1.3.2 The assembly area
The assembly area of an engine plant employs the remaining one half to two-thirds of the
labor and accounts for between 10% and one third of total capital investment. The assembly
area comprises the following activities:
Preparation of subassemblies:
The cylinder head subassembly consists of the cylinder head, the valve train, and the
camshaft(s). This subassembly is usually conducted on a separate line . In the case of a
double overhead camshaft , 4-cylinder engine, for example, this line assembles roughly
170 parts listed below:
* the cylinder head with the 10 camshaft bearing caps, 20 bearing inserts, and 20
bearing cap bolts;
* 2 camshafts, with 2 gears and 2 corresponding bolts;
* 16 valves; and for each of them there are 6 parts: valve, oil seal, spring,
retainer, lock, and hydraulic valve lifter;
* 5 to 10 other parts.
The piston/ connecting rod subassembly is usually performed on a line next to the basic
assembly line and involves the pistons, piston rings, connecting rods, and pin. In the case
of a double overhead camshaft, 4-cylinder engine, there would be about 48 parts: for each
of the 4 pistons, there would be about 12 parts including: 4 rings, one pin to connect the
piston and connecting rod, two bearing inserts, a bearing cap with two bolts.
The head subassembly and the piston/ connecting rod subassembly are illustrated in figure
1.3.
Assembly of basic engine
The assembly of the basic engine is illustrated in figure 1.3 and consists of putting together
the following parts or subassemblies:
* The cylinder block, bearing caps, bearing inserts;
* The crankshaft and parts associated with it;
* The piston / connecting rod subassemblies;
* The cylinder head subassembly, including the camshafts;
* Some internal parts
Altogether, the basic engine of a double overhead camshaft , 4-cylinder engine would
comprise a total of 250 to 300 parts.
Figure 1.3: Main elements of basic engine assembly and main subassemblies
basic engine assembly
piston / connecting
rod subassembly
(x 4 pistons)
1 1,
cylinder head subassembly
Courtesy: Ford Motor Company
Final assembly or dressing
The final assembly of the engine is typically the most manual activity in an engine plant.
Roughly 150 to 250 parts are mounted on an engine in thispartof the process which
includes the following general operations:
* install water and oil systems (pumps, seals, tubes, gages...)
* install manifolds (intake and exhaust)
* mount electronic system (alternator, distributor, spark plugs, harness,
controller.
* assemble flywheel
* mount fuel injection system
Figure 1.4 illustrates the final assembly of an engine
Testing (hot testing)
Most engines conduct a hot test to their engines after they are fully assembled. The test
typically consists of a 3 to 10 minute test where the engine is run and some operators verify
that the engine operates properly and does not have any leaks. In general, more than 99%
of the engines pass the test on the first run. Most plants conduct the hot test on all of the
engines, however, there are a few plants which only do it for 20% or half of the engines,
and some which do not conduct a hot test at all.
After the final assembly and testing, finished engines are taken to the shipping dock where
they are packed and sent away to the vehicle assembly plants.
Figure 1.4: Final assembly
Courtesy: Ford Motor Company.
Chapter 2: Measuring
Manufacturing Performance
"Everything that gets charted shows an improvement, (except for our
salaries...) " - Various employees at one of the plants that I visited
One of the key difficulties that companies seem to be facing in trying to upgrade their
manufacturing capabilities is their ability to evaluate and track performance. If you want to
improve, you need to know where you stand and where others stand, and then look for
ways to improve. Measures are useful and necessary because, as many have noted, people
tend to focus their efforts on what is inspected and controlled, and not necessarily on what
is good for the system as a whole.
In addition, performance metrics can also be used to compare performance across various
plants in order to learn about the sources of performance. In our study, we have
constructed a measure of performance in order to get an insight into the drivers of
performance in engine manufacturing.
This chapter explains how we arrived at our method for measuring performance in our
study. First, in Section 2.1, we discuss what it is that should be measured by looking at
various dimensions of performance and evaluating which are the elements that are most
relevant for our study. Section 2.2 reviews the literature on measuring and analyzing
performance in manufacturing. We explain how other authors have constructed measures
of Total Factor Productivity (TFP) and used them to analyze the drivers of performance in
various different contexts. Then, in Section 2.3, we present some basic measures of single-
factor productivity for our sample as a first look at our data and in order to illustrate some
basic findings. Finally, we close this chapter in Section 2.4 with the construction of a
measure of cost-performance based on the principles of TFP which was used in our
analysis of performance.
2.1 What is performance?
The objective of a measure of performance should be to assess how much a plant is serving
the interests of the company towards making profits. In order to construct a measure, we
first need to understand which are the interests of the company which involve the engine
plant, and then build the measure based on the most relevant elements. Typically, the
interests of a company in a manufacturing facility would be: service, quality and cost.
Performance in terms of service could be defined as the ability of a plant to deliver
the right product at the right time to the right customer. Service has become a key
competitive factor in certain industries, however, in the case of engine plants, service
seems to play less of a role as a differentiating factor. In fact, there are various factors that
generally make service more complex, and which seem to affect engine plants to a lesser
extent than other manufacturing facilities such as vehicle assembly plants: product variety,
number of customers, short-run fluctuations in demand.
* Product variety - At an assembly plant, there is a lot of variety in terms of the product
that is built. There are various options in terms of models, colors, and equipment
content that lead to larger product variety than you would find in engine plants.
Typically an engine plant will produce just few models with a few variants. In some
cases, mainly in European plants, you may find dozens or even hundreds of different
engine variants in order to account for certain product differences based on the
destination country. But in these cases, variety is mainly based on a few components
that are added during the final dressing and may not add as much to the complexity of
the manufacturing process.
* Customers - Engine plants generally serve just a few vehicle assembly plants within the
same corporation. Assembly plants, on the other hand, need to supply a much broader
set of customers comprising the entire distribution network of the company.
* Fluctuations - Given that an assembly plant is closer than an engine plant to the
customer along the value chain of the automobile, it faces much greater fluctuations in
demand and product mix in the short term (on a daily or weekly basis). Assembly
plants then try to smooth out these fluctuations in order to have as stable as possible
production schedules. As a result, engine plants seem to be sheltered to an extent from
short term fluctuations.
In sum, engine plants seem to face less complexity in terms of service than other
manufacturing activities such as vehicle assembly. Perhaps for this reason, engine plants
are generally able to achieve an acceptable level of service performance in fulfilling the
basic requirements of supplying the right product at the right time to the right customer.
However, even if a plant can fulfill its requirements in terms of service, variety and
fluctuations in demand may still have adverse effects on a plant's productivity. We have
investigated the effects of product variety on the performance of the plant as further
discussed in chapter 3.
Performance in terms of quality is another critical factor in competitiveness in the
automotive industry. Each company typically carries their own measures of quality through
internal audits, warranty information, etc. However, for the purposes of this study, the
data from different companies has been difficult to compare because different
methodologies are used at different companies. In order to compare performance in terms
of quality, some measure should be constructed uniformly across plants based on
information from the customer (like J.D. Power and Associates does).
Performance in terms of cost
As shown on figure 2.1, according the data from our sample three quarters of the cost of an
engine consists of purchased parts and materials. Purchased parts typically account for
50% of the total cost, while raw materials account for 25%. As a result, logistics and
purchasing activities are key to cost performance, but these functions typically do not fall
under the direct control of the engine plant. The remaining quarter of the cost is split about
equally between labor, capital, and others, which includes consumables, scrap, and
transportation costs in some cases. The cost of labor is determined by the number of
workers and the labor cost (wage plus benefits). In our sample, the labor cost accounted
for 9% on average of the cost of an engine. The cost of capital is determined by the amount
of capital invested and the rate of depreciation used to discount these investments. Based on
the data as estimated by each plant, the capital cost accounts for nearly 8% of the cost of an
engine.
The productivity of the plant would thus have an effect on only one quarter of the cost, and
mainly on the shares corresponding to labor and capital.
Figure 2.1: Typical distribution of cost of an engine
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For the purposes of our study, we are interested in the productivity of a plant: the ability to
turn inputs (capital and labor) into outputs (engines,) so we have decided to focus on the
performance in terms of cost, with respect to capital and labor.
2.2 Review of literature
Literature on the measurement of manufacturing performance covers three areas which are
relevant for our study: the ineffectiveness of traditional accounting to measure performance,
the construction of measures of performance (TFP), and the use of measures of TFP to
analyze sources of performance.
Traditional Accounting is ineffective as a means to evaluate and track
performance
Most recent literature about measuring and evaluating performance in manufacturing seems
to agree that traditional accounting systems are not appropriate for helping track
performance in order to improve (See for example Kaplan (1985), or Goldratt's The Goal,
1987). The main criticisms revolve about the misalignment of the measurements and the
incentives that result from such measurements with respect to the interests of the
manufacturing facility. Focus on measures such as return on investment seem to lead to
very short-term objectives which do not necessarily match the long term interests of a
company. Similarly, focus on direct labor productivity seems to be rational for extremely
labor-intensive activities like those from the times when such accounting systems were
originally created. But for activities which have become much more capital intensive and
-
"
-
where labor cost only accounts for a small share of total cost, such focus may be counter-
productive and may lead to a distortion of incentives. This issue is further discussed in
Chapter 4.
Tracking changes in productivity
Hayes, Clark, and Wheelwright (1988) propose a way to track changes in productivity by
calculating the rate of change in Total Factor Productivity as the average of the rates of
change of single-factor productivities for each relevant inputs, weighed for the share of
total cost of each input. This measure of Total Factor Productivity is based on the idea that
productivity is basically the ratio of outputs over inputs, and that the form should depend
mainly on the use for the measure. In this case, this measure is suitable because its
suggested use it simply to track trends in productivity within the plant. In fact, the measure
only tracks rates of change but does not intend to capture an absolute level which could be
used to make comparisons across plants.
Construction of Measures of Performance
According to Bruce Chew's "Guide to No-Nonsense Measurement of Productivity"
(1988), the objective of productivity measure is to indicate how a company can produce
more output per unit of input than its competitors and thus productivity measures should
reflect just that: the capability to turn inputs into outputs. Productivity should be measured
as some form of ratio of units of output over units of inputs, and productivity should
account for the most relevant inputs, and not only for direct labor. Chew also advocates for
simple measures that "do not sacrifice function for form". It is better to keep a measure
simple and easy to use than to make it more sophisticated. Moreover, the choice of which
elements to include and of the form of the measure should be based on the intended use of
the measure.
Hayes and Clark (1985) and Chew, Bresnahan and Clark (1990) use their measures of
TFP to analyze the effect of various factors through regression analysis.
Hayes and Clark performed a longitudinal analysis of twelve factories covering three
different types of processes with the objective of analyzing the sources of productivity.
This study is believed to be the first attempt to trace the factors of productivity growth to
the factory level using this type of analysis. They constructed a measure of TFP equal to
the ratio of output over inputs, where output is the total value of the goods produced and
inputs comprise the value of the labor, capital, energy and material. All outputs and inputs
are valued at constant prices throughout the period and across plants in order to lea
any effect of price fluctuations. The measure of TFP is then used to analyze the soui
productivity across plants through regression analysis.
Their results pointed at two important factors that affect performance: work in p
inventory and the level of "confusion". According to their findings, the amount of w(
process inventory has a statistically significant effect of hindering performance whic
beyond the expected effect of the additional capital investment necessary'. The amc
confusion -- measured by the amount of events that create confusion, such as varia
production, changes in equipment, or engineering change orders -- appears to be E
significant determinant of productivity: more confusion seems to lead to lower efficie
Chew, Bresnahan and Clark (1990), on the other hand, performed a cross-se
analysis of 40 retail outlets in a commercial food chain. They constructed a measure (
which is very similar to that on Hayes and Clark (1985). The interesting difference
that they chose to exclude materials and energy because they believed these inputs w(
relevant for the study, and they introduced the concept of a complexity factor to adj
various types of goods based on some indicator of their complexity to manufacture
found that there is very large variation from site to site while it could be expected
more uniformity since all plants produce similar products with similar processes, a
the same firm. They analyzed the sources of variation and estimated that nearly half
variation could be explained through factors such as the size of the market, the em
turnover rate and the age of the equipment.
Other formulations of TFP
Lichtenberg and Siegel (1988) constructed a significantly different measure of producti"
They estimated productivity by running a regression of output with respect to the
inputs, and assigning to productivity the value of the residual for each of the plants.
In sum, there seem to be many different ways to construct a Total Factor Productivil
main considerations should be:
* productivity is the ratio of outputs and inputs
'We have also analyzed the effect of work-in-process inventory on productivity. The results are pres
chapter 3.
* the form of the measure of performance should be based on the use intended
* the measure should only incorporate the most critical elements
* the measure should be as simple as possible
2.3 Single-factor measures of productivity
In order to get a first look at the data from the engine plants, we calculated some basic
single-factor productivity measures: labor productivity, efficiency of the lines, and capital
investment required.
2.3.1 Labor productivity
We measured labor productivity as the number of worker hours per engine produced. We
defined three types of workers: production workers, support workers, and administrative
workers.
* Production workers operate machines, assemble parts on the engine, feed conveyors
or machines, load and unload lines, and perform some basic preventive maintenance.
* Support workers include those who handle material, repair and maintain machines and
equipment, supervise workers, sharpen tools, and control quality.
* Administrative workers include those in production planning, industrial engineering,
logistics, etc.
In order to ensure that the data from each plant represent the same series of activities, we
have focused on the work-force dedicated to a set of standard activities, which include the
machining of block, head, crankshaft, camshaft and connecting rods, as well as the
assembly, dressing and testing of the engine.
The hours per engine results are summarized on Table 2.1. We made separate calculations
for productivity of production workers (as defined above) and that for all workers
(production, support, and administrative workers together). Also, we compared the hours
per engine data that we were provided by the plants on the questionnaire with our
calculations as a way to check for mistakes. Generally, the data reported matched the data
calculated fairly well. Figure 2.2 displays the distribution of the results for labor
productivity in our sample.
hours per engine
reported
hours per engine
calculated from
standard activities
Table 2.1: Labor productivity results
Production worker Total worker hours per
hours per engine engine
2.7 average 4.8 average
1.4 minimum 2.4 minimum
2.8 average 4.5 average
1.4 minimum 2.2 minimum
Figure 2.2: Distribution of results for labor productivity
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Geographical differences
Previous studies of performance have shown clear difference in terms of productivity
across regional areas. During the 1980's, it became widely understood that Japanese
companies in various industries were over-performing their American and European
competitors in many aspects: higher labor productivity, better quality, faster product
development, and, most visibly, growing market shares. As documented in The Machine
that Changed the World2 , IMVP researchers found during the late 1980's that Japanese
automotive companies possessed significantly more productive vehicle assembly operations
than American and European firms. More recent studies of vehicle assembly plants,
however, seem to point at a strong process of convergence. The best American plants and
the best European plants seem to match the levels of productivity of the best Japanese
2 See The Machine that Changed the World: the Story of Lean Production, 1990, by James P. Womack,
Daniel T. Jones, Daniel Roos, Rawson Associates, New York, NY.
plants. Our results for labor productivity seem to confirm this: as shown on figure 2.3, we
have not found any significant regional differences, the best plants in each region reach
similar levels of productivity. In addition, variation in labor productivity within regions
seems to be far greater than that across regions.
Figure 2.3: Labor productivity comparison across geographical regions.
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This process of convergence seems to be led in part by the wide-spread adoption of the lean
paradigm of production and other practices that used to be exclusive of the Japanese. Most
of the engine plants that we have visited are in the process of implementing "lean
production" and "just-in-time" production systems, as well as labor policies which seek to
improve productivity by empowering workers.
Cylinder arrangement
The number of cylinders is likely to affect the labor productivity of a plant: the more
cylinders the more operations that need to be performed, and the more parts that need to be
assembled and thus the more labor will be required. Our labor productivity data seems to
confirm this hypothesis to certain extent. On average, as shown on Figure 2.4, engine
plants producing 4 cylinder engines require 1/3 less labor per unit than plants producing
!"I
· i i I
I
other types of engines. The effect of the type of the number of cylinders on the
performance of a plant will be further studied in chapter 3.
Figure 2.4: Labor Productivity vs. cylinder arrangement
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2.3.2 Capital productivity
Capital productivity is intended to measure the amount of capital that is invested in a plant
or line per unit of capacity. This measure is expected to capture the differences between
heavily automated plants that require a lot of investment, and more manual lines which may
require less investment.
Total investment should include all investments in equipment and installation as well as
upgrades to the line. However, since it requires accurate information on the amounts and
times of investment which are hard to obtain, we have relied on each plant's estimate of the
value of their line if they had to purchase it again. Gathering this information accurately and
in a comparable way has been particularly complicated for a variety of reasons: plants seem
to have used different methods for calculating the value of their investment, some plants
refurbished old equipment from another plant making investment figures look very small,
currency fluctuations and time value of money have been difficult to adjust because of a
lack of information about amounts and dates of investments, etc. Figure 2.5 shows the
results for capital investment per unit of capacity for the departments performing the
standard activities.
Figure 2.5: Investment per unit of capacity.
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Again, we find that there is a lot of variation in our results. In order to get an initial grasp of
the sources of this variation, we looked at the block machining lines and the effect that
cylinder arrangement may have on investment. As shown on Figure 2.6, there seems to be
a significant difference between the capital investment required for a block machining line
for an 14 engine and for a larger engine. This result makes sense to the extent that a cylinder
block for a V6, for example, requires more operations and thus more equipment than an 14.
The effect of cylinder arrangement on performance will be examined in more detail in
chapter 3.
Figure 2.6: Investment vs. capacity (JPH) in block machining lines
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Cylinder arrangement seems to explain part of the variation, but there appear to be other
factors. The level of capital investment is expected to be driven in part by the level of
automation. In the machining departments, the technology choice of whether to automate
seems to be relatively limited: only a few operations can be performed manually since all
machining is done on large, transfer lines. In block machining, for example, plants can
choose to whether to load and unload parts manually or automatically; or they can choose
whether to have a sophisticated system for keeping buffers along the line, or to employ a
couple of workers taking parts on and off the line. On the assembly line, there is a broader
range of choices regarding the level of automation: we have seen basic engines assembled
almost completely automatically, and we have seen some assembled almost entirely
manually. The trade-off between labor and capital investment is further examined in chapter
3.
2.3.3 Efficiency of lines
The efficiency of a line is meant to reflect the fraction of the parts that could theoretically be
produced at full capacity compared to the number that are actually produced. For example,
wp"----~---`~~-----~-~--`--`~~----~-~~~~~- ------"-~~-- -m--~r----·-~·-··-·-----··· ·-·~· m·--- --R -----m.....~.. .. .,. .........
$20
if the capacity of a line is 100 jobs per hour and on average 75 parts are produced per hour
of operating time, then the efficiency of this line would be 75%. Thus, we calculated the
efficiency of the lines as the ratio of the actual average production rate (jobs per hour) over
the theoretical capacity of the line.
efficiency = average production rate (JPH) / capacity (JPH) (equation 2.1)
We calculated the average production rate by dividing the number of parts produced during
a period of time by the total number of hours that the lines were available for operation,
including overtime. One of the main difficulties in calculating efficiency has been to obtain
reliable measures of the total number of hours worked that corresponds to the number of
good parts produced. We tried to solve this problem through our follow-up visits and by
looking at the efficiency figures provided by the plants.
We also defined "uptime" as another measure of the "efficiency" of the lines based on a
different approach. Figure 2.7 illustrates the definition of uptime. Uptime is defined as the
time that is available for production including overtime minus the time when the line is
stopped for either scheduled or unscheduled downtime. The ratio of uptime over available
time serves as a measure of the ability of a plant to keep the lines running.
Figure 2.7: Distribution of time for a line - definition of uptime
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We expected that the measures of efficiency (as defined in equation 2.1) and ratio of uptime
over available time (referred to as uptime hereafter) would match. Losses in efficiency (in
terms of lost production cycles) should correspond to losses in uptime (downtime for either
scheduled or unscheduled stops). In our sample, efficiency and uptime are both between
70% and 72% on average. On an individual basis however, some lines show large
disparities between the efficiency and uptime, as shown on figure 2.8, which shows our
results for both measures. Some possible reasons for such disparities may include the
following:
* Errors in calculating efficiency: We may have some inaccuracies about the number of
available hours that corresponded to the production figures:. For example, we may
have encountered cases where we did not account for the overtime that was used in
producing parts because we were not given the data.
* Errors in calculating uptime: Many plants do not seem to keep very careful track of their
downtime and uptime so there may be some inaccuracies in the data we were provided.
Figure 2.8: Efficiency vs. uptime in block machining lines.
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Despite the disparities between uptime and efficiency, it has been useful to analyze the
uptime data in order to understand the sources of loss of efficiency. As shown on figure
2.9, uptime corresponds on average to 71% of all time available. Scheduled downtime (that
for regular tool changes, changeover of variants, or preventive maintenance) accounts on
--
average for 13%, and unscheduled downtime (for machine or tool failure, or other
interruption to the flow of production) accounts for 17% of total available time.
Figure 2.9: Distribution of available time - uptime and downtime
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All of the plants have recently implemented or are in the process of implementing a Total
Productive Maintenance Program, which is primarily oriented at improving the uptime of
machining lines. One of the initial components of such programs is typically the
implementation of efforts to improve the tracking of downtime of equipment. Most plants
have been finding that their measures of downtime usually do not account for all the loss in
efficiency: on an individual machine basis, uptime tends to be 5 to 10 percentage points
higher than efficiency. Even though this finding was not confirmed on our line for the
entire block lines, it is still illuminating to notice that this gap between efficiency and uptime
was remarkably prevalent at every plant that was conducting a serious effort to track
downtime. Two plausible explanations emerged: 1) when keeping record of stops,
operators are likely to exclude the shortest stops which account for a large share of the
stops in number, and may also constitute a significant share of total downtime; also 2)
during part of the uptime, the equipment may run at a degraded rate and thus cause a loss of
efficiency without counting as downtime.
2.4 Cost-function as a measure of performance
While single-factor productivity measures are useful to the extent that they permit simple
comparisons across plants, they do not fully capture overall productivity. In order to obtain
a measure that better captures overall productivity, it is necessary to use a measure that
integrates all the relevant inputs (labor, capital, materials, energy...).
Based on the measure of TFP proposed by Chew, Bresnahan, and Clark (1990), we may
construct a typical measure of the following form:
TFPi = [ (value xx sum (Cxj . Xj) + (value r x sum (Crj . Yi)] /[ (number of worker
hours x wage + investment x cost of capital + energy cost + materials cost];
where X and Y would be two main types of products, like engines and
transmissions, or meals and setups in the case of Chew et al. Each type of
product would have various subtypes distinguished by the subscript j. Thus
Xi,, would represent the number of units of product X, subtype j produced at
plant i, for example the number of V8 engines produced in plant i.
valueX and valuer would be monetary values assigned to product X and Y in
order to weigh the two types of output relative to each other.
C,. would be a complexity factor assigned to each product subtype. V8 engines
may thus be assigned a different complexity factor form V6 or 14 engines.
In our study, like in Chew et al, we only included labor and capital in our measure because
we have considered that these two inputs are the most relevant for comparing productivity
as explained in section 2.1. In addition, even though many comparative studies which used
TFP measures use an average wage for all facilities in order to eliminate the effect of labor
cost advantages in productivity, we decided to use the local labor cost for each plant instead
of using the same average labor cost for all plants. This decision was based on the idea that
companies take into account the large differences in labor cost in different countries when
they decide where and how much to invest, so it was necessary to take into account those
differences when measuring performance.
Moreover, given that we have treated each plant as if it each produced only one type, or
family, of engines (for plants that produce more than one family, we have separated each
engine family as a separate plant), an alternative measure of TFP could take the form,
TFP, = (value x Cx . X,) / (number of worker hours x wage + investment x cost of
capital)
Since the effect of product complexity is one of the issues that we are trying to examine, we
have excluded the complexity factor from our measure and analyzed complexity afterwards
as shown in chapter 3. In addition, since we do not need to weigh engines against any
other type of product (such as transmissions or axles), we may exclude valuex from our
measure, which results in a measure of the form:
TFP, = Xji / (number of worker hours x wage + investment x cost of capital)
with units of engines per dollar.
In order to make such measure more intuitive, we have used its inverse, or cost per unit,
which we adopted as our measure of cost-performance:
cost = (# of workers per shift x wage + capital invested x cost of capital) / # of engines
produced
We considered that this metric fulfilled the criteria that we defined in section 2.1 for a good
measure:
* it measures productivity as a ration of outputs and inputs;
* it is simple and intuitive (unit cost); and
* it includes the elements that we considered most relevant.
We rearranged the equation by making the unit of time one hour, so the formula we have
used to calculate cost performance is the following,
cost ,= (TW, x wage, x util. i + invest, x capital_cost) / (cap, x eff x utili) (equation
2.2)
where cost, is the calculated cost per unit at plant i;
wage, is the total cost to plant i for an average worker (based on local labor cost
-- wages and benefits -- converted to US dollars);
TW, is the total number of workers involved in standard activities;
utili is the utilization rate calculated as the share of total hours that are made
available for production, where we considered that the total number of hours is
24 hours per day, 7 days a week.
invest, is the total investment (in US dollars) in standard activities departments;
capital_cost is the cost of capital charged to the investment per unit of time. In
this case, the value used was capital_cost = 10% / year = 0.00114% per hour,
considering 24 hours per day, 365 days per year.
capi is the capacity per unit of time, units per hour (JPH) in this case,
calculated as the inverse of the theoretical cycle time. For example, if the
plant's theoretical cycle time is 30 seconds, then capi = 30 seconds per
unit x 3600 s / hour = 120 units per hour;
eff, is the efficiency of plant i, or the relevant line in plant i, measured as the
share of capacity that is achieved during the time available for production, thus,
eff = actual production of good parts (JPH) / capacity (JPH)
By applying this measure to our sample, we calculated the cost per unit for the block
machining line. As can be seen on figure 2.10, there is an enormous variation in terms of
cost-performance. The ratio between the highest and lowest values is in the order of 6:1,
with an average of $33.12 per unit and a standard deviation of $15 per unit.
Figure 2.10: Distribution of cost per unit calculated for block machining line
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Chapter 3: Analyzing the
Factors of Productivity in
Block Machining Lines
In chapter 2, we explained that there is a very significant variation in performance across
plants both in terms of overall cost-performance and in terms of "single-factor" measures of
productivity. We also suggested a series of possible explanations for such variation: type of
product (cylinder arrangement), labor policies, Total Productive Maintenance Programs,
level of automation, regional differences, product variety, etc. In this chapter, we analyze
the effect of some of the most relevant factors of performance of engine plants.
The method we have followed consists of a regression analysis similar in principle to that
used by Chew et al (1990), Hayes et al (1985) and Adler and Clark (1991). We used the
measure of cost-performance constructed as explained in chapter 2, and we regressed it
against various factors in order to gain some insight into various factors that affect
performance. The results from our regression analysis were analyzed relative to our
experience from visits to engine plants and conversations with people from the industry.
For this analysis, we focused exclusively on block machining lines because these were the
lines for which we collected the most information, and because there are less differences in
the process across plants, which allows for more certainty in the analysis.
Many of the factors that affect performance seem to fall outside of the control of the plant.
The level of capacity utilization depends mainly on the level of demand for the specific
engines produced at an engine plant and to the allocation of products and production level
across the network of engine plants within each company. The characteristics of the
product such as the cylinder arrangement and the level of complexity to manufacture
depend mainly on the product development and selection activities of a company. The level
of product variety depends mainly on decisions made at the corporate level about product
characteristics, as well as on varying requirements across different countries. These factors
that do not fall under the direct control of a plant are discussed in section 3.1.
In section 3.2, we discuss the effects of internal factors, such as certain practices and
policies that are more controllable by the plant personnel or certain characteristics of each
plant. We look at measures of work-in-process inventory, for example, which has been
pointed at as being a factor closely associated with performance. In addition, we investigate
factors such as: the level of plant involvement in the design and layout of the plant or line,
the age of the equipment, and the labor policies.
Finally, in section 3.3, we examine the trade-offs among the main drivers of performance:
labor, investment and efficiency, and we discuss the effect and the feasibility of possible
substitutions among these three "resources".
3.1 Analysis of external factors
In tracing the sources of variation, we looked first at some of the factors which are not
under the direct control of the plant: the level of capacity utilization, the complexity of the
engine, and the level of variety. First, we looked at how these external factors affected
cost-performance, and then we analyzed these effects by analyzing the effect on the three
main drivers of performance: workers, efficiency and capital.
3.1.1 Effect of external factors on cost-performance
Capacity utilization may affect cost-performance in two ways. First, the obvious effect, as
capacity utilization increases, the capital cost of the engine plant can be distributed over a
higher number of units. This effect is more significant the larger the share of capital cost in
total cost. Second, utilization may have an effect on the efficiency of the lines. As people at
one of the plants we visited suggested, running an engine plant on three shifts limits the
time available for maintenance, which may lead to more frequent stops for machine failures
and thus a lower efficiency. We calculated capacity utilization as the percent of total time
(24 hours a day, seven days a week) that is made available for production, including
overtime. On average, the level of utilization in our sample was 55%, with a minimum of
27% and a maximum of 85%. As a point of comparison, a plant which operates 2 eight-
hour shifts, 5 days a week would have a utilization level of 48%.
The complexity of the engine may affect the performance of the plant to the extent that a
more complex engine requires more operations, more machines, thus more people and
investment. A more complex engine may also require more complex operations which may
be slower and may have a higher probability of machine or tool failure. Elements which
could contribute to the complexity of the product in block machining may include the
number of cylinders, the number of holes, the complexity of the machining operations
required, or the tolerances necessary. At one of the plants, for example, we were told that
one of the main reasons for having lower than average productivity was that the engine was
difficult to manufacture. After the engine had been introduced in that plant, the design of
the engine was improved using the experiences of the difficulties this plant had faced and
the new engine was introduced at a different plant. The plant producing the re-designed
engine requires many less operations and approximately half the amount of labor of the
original plant. Until now, however, we have focused only on the number of cylinders in
order to capture the effects of the most obvious indicator of complexity of the cylinder
blocks.
Variety in the products has been pointed at as an important reason for differences in
productivity by various participants in our study. Product variety requires changeovers
from one type of product to another. The more variants, the more often a line will need to
stop for tool changes and adjustments, and the more investment may be necessary to
provide flexibility to handle different products. Different technology choices may respond
differently to variety, but we expect in any case to see a visible cost disadvantage associated
with increased variety.
Using ordinary-least-squares regression, we estimated the effect of these variables on the
calculated cost per block. The model that we used in the regression was as follows:
Model 1: cost = Ao + A, utilization + A2 cylinders + A3 square root variants
where cost is the measure of cost-performance constructed for blocks as
explained in chapter 2;
utilization is the measure of capacity utilization as used in equation 1 for the
construction of the measure of cost-performance;
cylinders is the number of cylinders, which in this case we use as a proxy for
product complexity; and
square root variants is the square root of the number of variants of cylinder
blocks which is used as a proxy for product variety. The square root form was
used to allow for a diminishing effect of variants, as explained below.
A l, A2, and A3 are the coefficients for utilization, cylinders, and variants
respectively estimated by the regression on cost.
We selected an almost linear model in order to make the results more intuitive:
what is the effect of each additional cylinder, of more variants. For example,
each additional cylinder is associated with an increase of A2 in cost.
The results from the regression are shown in Table 3.1. The three variables show the
expected signs. Utilization is negatively correlated to cost: A one percentage point increase
in the level of utilization is associated with a reduction in cost per block of $0.448. This
suggests that if one of the plants has below average utilization levels of, for example 35%,
cost per block can be reduced by nearly $10 by raising utilization to the average of 55%.
The number of cylinders has a positive effect on cost, significant to a 1% level. On
average, each additional cylinder adds $5.37 to the cost of production of a block. Also, the
number of variants shows a positive correlation with cost. Increasing the square root of
number of variants by 1 -- or increasing the number of variants from I to 4, or from 4 to 9
for example -- is associated with an increase in cost of $4.92 per block. After testing
various functional forms of the number of variants, we found that the square root form had
the best fit in most of our regressions, so we selected to use this form throughout the
study. This finding is analyzed further in the next subsection.
The correlations with utilization rate and cylinders seems to be fairly strong, the probability
of sign error is below 1%. The association with the number of variants is slightly weaker,
but it is still significant: the probability of sign error is 7%.
Table 3.1: Effect of utilization, complexity, and variants on cost-performance
Dependent Variable: Cost per block
calculated from eq. 2.2
Independent Variable:
Intercept 22.8
1.43 *
number of cylinders 5.37
2.68 ***
square root number of variants 4.92
1.54 *
utilization -0.448
-2.80 ***
R Square 0.46
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Another important result in this regression is the value of R2 of 0.46, which suggests that
nearly half of the variance in cost can be attributed to these variables. This would mean that
half of the variation in cost-performance comes from factors which are not controlled by the
plants. The level of utilization, the variety of products, and the level of complexity are
generally determined by the demand that a company places on each plant, and by the design
of the engine.
3.1.2 Effect of external factor on drivers of performance
In order to obtain a deeper understanding of how these variables affect cost-performance,
and what accounts for the other half of variation, we pursued our analysis by examining
how the factors in Table 3.1 affect the "drivers of performance" ( the factors that directly
determine cost-performance): number of workers, investment, and efficiency.
We used ordinary-least-squares regressions to study the effect on number of workers,
investment, efficiency that results from changing the number of cylinders, the number of
variants, utilization, and capacity. The results are shown in Tables 3.2 and 3.3.
Table 3.2: Explaining variation
number of workers (TW)
of the number of production workers (PW), and the total
Dependent TW / shift TW / shift TW / shift PW / shift PW / shift PW / shift
Variable:
Independent
Variable:
Intercept -124.22 -126.79 -76.770 -68.14 -25.517 -69.606
-2.90 *** -2.92 *** -2.75** -2.68*** -1.43* -2.71***
cylinders 9.831 10.083 7.986 4.777 2.639 4.92
2.85*** 2.88*** 2.60*** 2.33** 1.34* 2.38**
sqrt variants 10.409 11.407 8.706 7.366 5.503 7.936
2.08** 2.27** 1.80** 2.48** 1.78* 2.68***
utilization 0.332 0.480 0.190 0.319
1.25 1.95** 1.21 2.03**
cap. JPH 0.453 0.542 0.276 0.273 0.063 0.324
2.29** 2.89*** 2.34** 2.33** 0.84 -2.92***
investment -0.103 -0.138 -0.145 -0.164
-0.84 -1.14 -1.99** -2.29**
efficiency 0.448 0.594 0.336 0.419
1.39* 1.95** 1.76** 2.33**
R Square 0.51 0.47 0.46 0.48 0.32 0.43
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Impact of the number of cylinders
From Table 3.2, we can see that the number of cylinders shows the signs that we expected:
the more cylinders, the more operations you require, and thus the more people you need.
From Table 3.3, we see that the more cylinders, the more capital needs to be invested, and
to a lesser extent, the harder it will be keep efficiency high. The magnitude of these effects
is less clear. Each additional cylinder is associated with somewhere between 2 and 5 more
production workers, or between 8 and 10 more "total workers". From Table 3.3, we learn
that the effect of the number of cylinders on investment appears to be more certain: each
additional cylinder is associated with an increase in investment of between $11 and $16
million dollars, which would suggest, for example, that a block machining line that
produces V6 engines is expected to be up to $30 million more expensive than a similar line
which produces 14 engines. This result makes sense to the extent that 14 lines include on
average 15 cutting machines, while V6 lines include 20.5: the extra equipment is necessary
to perform the additional operations that a larger engine requires. Finally, the number of
cylinders also appears to be associated with a lower efficiency. On average, our regressions
predict that a line would be close to 5 percentage points more inefficient for each additional
cylinder, thus a line which produces V6 engines would be expected to be 10 percentage
points more inefficient than one which produces 14 engines.
We tested various functional forms of cylinders, such as the square root and the
exponential of the number of cylinders, in order to investigate the "shape" of the effect of
cylinders: Is the effect of the number of cylinders diminishing, constant, or increasing? The
exponential form yielded poorer fits than the plain number of cylinders in the regressions
for workers, investment and efficiency; while the square root form showed only slightly
better fits than the plain number of cylinders. We concluded that effect of cylinders may be
slightly diminishing: the difference in expected performance between a V8 and a V6 is
somewhat smaller than that between a V6 and an 14. However, given that fits were almost
as good, in the name of simplicity we decided to stick to the plain number of cylinders for
the rest of our regressions.
Table 3.3: Explaining the variation of investment and efficiency
Dependent
Variable: Investment Investment Investment efficiency efficiency
Independent
Variable:
Intercept -105.00 -208.97 -224.04 81.60 111.50
cylinders
sqrt variants
utilization
cap. JPH
investment
TW per shift
PW per shift
efficiency
-1.98**
11.233
1.92**
8.720
0.94
-0.275
-0.58
1.152
5.14
-2.48**
15.571
2.25**
13.565
1.36*
-0.347
-0.67
1.373
5.04***
4.03***-3.18***
16.142
2.84***
17.467
1.90**
-0.163
-0.34
1.368
6.14**
-1.52
-0.68
-1.79
-0.51
0.266
1.49*
-0.13
-1.51*
-0.366
-0.84
93.004
1.55*
4.52***
-4.678
-1.75**
-4.777
-1.29
0.198
1.06
-0.335
-2.48**
0.127
1.55*
0.216
1.39*
-1.242
-1.99**
107.041
1.94**
R Square 0.578 0.631 0.686 0.167 0.317
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Impact of the number of variants
The regression results showed that the number of variants is also correlated with more
workers, more investment, and lower efficiency. Increasing the square root of the number
of variants (for example, increasing the number of variants from 1 to 4 or from 4 to 9) is
associated with adding between 5 and 8 production workers, or 8 and 10 workers total to
the block line, increasing the investment required by $13 to $17 million, and reducing the
efficiency of the line by just under 5 percentage points.
As with cylinders, we used the regressions to investigate the "shape" of the impact of
variety: does the number of variants have a diminishing, constant or increasing effect on
performance? We tried various functional forms of the number of variants in the
regressions such as the plain number of variants, its square root, and its exponential. The
results showed that we obtained a significantly better fit in all regressions with the square
root than with the plain number of variants, and that the exponential form yielded a much
poorer fit. We concluded that variety does have a visible effect on cost-performance, and
moreover, this effect appears to be diminishing with the number of variants.
Impact of the level of utilization
The level of utilization did not appear to have a significant effect on either efficiency or
investment. The number of workers is only significantly associated to the level utilization
as long as we do not add investment or efficiency to the regression. When significant, an
additional percent unit in the level of utilization is associated with an increase of 0.32
production workers or 0.48 total workers. This may suggest that an average block line
which increases its level of utilization by 24 percentage points by adding one 8 hour shift,
five days a week, may expect an increase in the workforce of near 8 production workers,
and 11 workers total. Perhaps the additional people would have to take care of maintaining
the machines and changing tools during the shift. Even though our regressions do not
imply any causality link, this association may illustrate the concern of certain plants that
working at a higher level of capacity utilization (like running three shifts per day) is more
demanding on a plant's resources.
In addition, utilization has a relatively weak positive correlation with efficiency. On a first
interpretation, this may seem to contradict the hypothesis that was suggested by some
plants that high utilization made it more difficult to keep efficiency high. Perhaps, this
phenomenon can be caused by a more indirect relationship between utilization and
efficiency: it may be that plants that run at high utilization face a strong demand and are
more pressed to increase their throughput, thus these plants may be more ready to devote
more resources (including more workers) to keep the lines up, which could result in a
higher efficiency.
Impact of Capacity
In most of our regressions, capacity came out as a significant explanatory variable. The
signs of its coefficients make intuitive sense: higher capacity is associated with a higher
number of workers, a larger investment, and a lower efficiency. Our regression results
relate each additional block per hour of capacity to 0.45 additional total workers, or 0.27
production workers. This may be explained in part because a higher capacity is also
associated with more machines, which would require more workers. In addition, as the
capacity increases, tool changes may become more frequent and thus require more labor.
An additional unit per hour of capacity is also associated with an increase in the value of the
line of $1.15 million, which again could be explained by the additional machines which
may be required to handle the additional capacity, or perhaps more expensive equipment is
necessary to run at faster speeds. Finally, the additional unit of capacity per shift is also
related to a reduction in efficiency of 0.33 percentage points. This finding may illustrate an
effect that has been explained to us at some of our visits: faster cycles require tools that
need to be replaced more often, and may have a higher probability of tool or machine
failure, which may bring about a penalty in terms of efficiency.
3.1.3 Adjusting performance for external factors
Having traced the effect of cylinders, variants, utilization, and capacity on efficiency,
workers, and investment, we continued by adjusting the latter three factors for the first
three variables. Using the coefficients from the regression results from Table 3.2, we
adjusted the total number of workers per shift (TW) for utilization, cylinders and variants,
such as to calculate how many workers we would expect to see at each plant if it produced
an engine with the average number of cylinders, the average number of variants, at an
average rate of utilization (See the appendix at the end of this chapter for an explanation of
the method used to make the adjustments). Similarly, we adjusted efficiency and
investment for the number of cylinders and variants using the coefficients from our
regression results shown on Table 3.3. Given that utilization was not a significant
explanatory variable for either efficiency or investment, the latter were not adjusted for
utilization.
Using these adjusted values for workers, efficiency and investment, we calculated an
adjusted cost per block using the same formula as before. As an additional adjustment, the
rate of utilization was set at the average level for all plants for this calculation. Figure 3.1
shows the comparison between adjusted and unadjusted cost for the block machining lines
in our sample. The adjusted cost shows less variation than the unadjusted cost. In fact, the
standard deviation of adjusted cost is $10.50 while that for unadjusted cost was $15. This
difference in standard deviation implies that by adjusting cost per unit for utilization,
cylinders and variants, we reduced total variance by 49%, which corresponds almost
exactly to our previous that 47% of variance in cost could be explained by these three
variables. Moreover, these adjustments can be performed individually for each of the three
variables in order to isolate their effects. Adjusting for utilization only, the variance in cost
falls by 29%, while adjusting just for the number of cylinders would reduce variance by
12%. On the contrary, adjusting only for the number of variants increases variance by 36%
instead of decreasing it.
Figure 3.1: Cost per unit adjusted vs. unadjusted in block machining lines.
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3.2 Analysis of Internal Factors
3.2.1 Work-in-Process Inventory
Work-in-process inventory (WIP) has been identified in recent years as one of the main
elements of performance for a manufacturing facility. Part of the success of the "lean"
production system has been attributed to the strict focus on reducing WIP to the lowest
possible level. High levels of WIP can be associated with lower performance for a series of
reasons:
* WIP implies the existence of an unproductive capital investment. On average, the
engine plants in our sample hold about $22 million in inventory, $7 million of which
consist of WIP. The distribution of total value of inventory is shown on figure 3.2.
Assuming a cost of capital of 15% per year and a production volume of 300,000 per
year, $7 million in inventory would increase the cost of an engine by $3.50. This direct
effect of WIP inventory (the carrying cost) on cost per block is thus typically relatively
small (based on the responses from some of the plants in our sample, a typical engine
may cost in the order of $500 to $2000 depending on the type and complexity).
Figure 3.2: Value of Inventory at Engine Plants
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* WIP requires additional labor for handling and quality control. In order to deal with
increased WIP, plants need to devote more support workers to handle the inventory and
to control for any quality problems associated with the extra handling. In some cases,
plants choose to build automatic systems to handle WIP. In these cases, instead of
additional support workers, the plant needs to make additional capital investments in
equipment. The data from our sample seems to confirm these hypotheses: more WIP is
significantly associated with more support workers and with more investment.
As shown in Table 3.4, one additional shift worth of WIP inventory in the block
machining line is associated with 1.7 more workers per shift. Given that WIP was not
significantly associated with production workers, we can presume that WIP is
associated with 1.7 additional support workers, which may be in charge of the extra
handling and control required. Also, one additional shift of WIP inventory is associated
with an additional investment of $2.9 million, which may account for extra equipment
necessary in order to deal with WIP.
WIP can hide certain problems in a line and delay the implementation of permanent
solutions. Part of the success of "lean" manufacturing has been attributed to a system of
finding problems early so that they can be corrected. Instead of holding large buffers or
leaving a large rework area in order to reduce the vulnerability to stops of certain
machines, under "lean" production a line is stopped whenever there is a major failure in
any machine until the problem is corrected so that it does not happen again. For this
reason, it is claimed that WIP creates buffers that can permit a plant to cover up
problems with certain machines instead of solving them, which contributes to a
deteriorated performance.
As shown on figure 3.3, a typical block line caries two shifts of WIP inventory. We used
ordinary least squares regressions to analyze the effect of WIP on performance by
including the number of shifts of WIP in the block machining lines into our regression
model.
Figure 3.3: Level of WIP inventory on block machining lines - histogram
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As shown on Table 3.4, each additional shift of WIP inventory on the block line is
associated with a $1.93 higher cost per unit (significant beyond the 1% level). When
compared to the results from Table 3.1, we can notice that when we include WIP in the
model, the relevance of the number of variants decreases both in magnitude of the
coefficient (from 4.92 to 2.67) and in significance (the t-statistic goes from 1.54 to 0.92).
This may suggest that WIP is associated with more variety, which is investigated below.
However, given that the R2 of the model increases from 0.464 to 0.640 when WIP is
included in the model of cost, we have concluded that the effect of WIP is not limited to the
effect of variety: WIP significantly contributes to explaining the variation in cost-
performance across plants.
On Table 3.4, we can also notice that WIP is not significantly associated with efficiency,
which may suggest that two confronting effects balance each other. On one hand, more
WIP may be come as a consequence of an unbalanced system with a lot of breakdowns in
some part of the line, so WIP would tend to be associated with lower efficiency. On the
other hand, WIP could be expected to be associated with higher efficiency since it may
prevent certain disruptions of the entire line when one of the machines breaks down.
We then used ordinary least-squares regression to investigate the factors that may lead to
high WIP. As shown on Table 3.5, the two factors that are most closely associated with
WIP are utilization and variety. Each percentage point increase in the level of capacity
utilization is associated with 0.07 shifts of additional WIP inventory. Also, increasing the
square root of the number of variants by one unit (for example, going from I to 4 variants
or from 4 to 9) is associated with adding 1.28 shifts of WIP inventory. Both coefficients
are only slightly significant and have a probability of sign error close to 10%. The
association of WIP and variety was predictable: more variety requires higher buffer levels
to allow the same level of "coverage" to the flow on the line. The association of WIP and
the level of utilization, on the other hand, is somewhat puzzling. Perhaps plants that are
under heavier demand pressure are running at higher level of utilization and allow
themselves to hold larger buffers in order to keep production uninterrupted.
Table 3.4: Effect of WIP on performance of block lines
Dependent Variable: Cost TW / shift PW / shift investment efficiency
Independent Variable:
Intercept 22.16 -72.54 -25.07 -83.14 0.805
1.38 * -2.69 *** -1.36* -2.07 ** 3.89 ***
cylinders 5.14 7.571 2.595 10.757 -0.014
2.91 *** 2.55 *** 1.28 2.43 ** -0.62
sqrt variants 2.67 6.489 5.269 3.30 -0.012
0.92 1.33 * 1.59* 0.46 -0.33
utilization -0.604 0.358 0.306 -0.542 0.298
-4.07 *** 1.44 * 1.81** -1.46 * 1.56 *
cap. JPH 0.072 0.301 0.066 1.091 -0.0013
1.05 2.63 *** 0.84 6.34 *** -1.54 *
WIP, number of shifts 1.932 1.737 0.183 2.914 -0.004
2.99 *** 1.60 * 0.25 1.80 ** -0.54
RSquare 0.640 0.520 0.320 0.696 0.180
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Table 3.5: Effect of utilization, complexity, and variants on Work-in-Process
inventory.
Dependent Variable: WIP inventory
in block line
Independent Variable:
Intercept -2.43
-0.44
cylinders 0.239
0.39
sqrt variants 1.277
1.33 *
utilization 0.070
1.44 *
cap. JPH 0.014
-0.62
R Square 0.18
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
3.2.2 Equipment Policies
Involvement of plant in process of design and installation of lines
Based on conversations with people from the engine plants, we expected the level of
involvement of plant personnel in the process of design and installation of the lines and
equipment to be a significant factor in the performance of engine plants. Generally, people
who have been involved in the development of the lines that they manage are proud of their
participation and seem to believe that such involvement carries some benefits for the
operation of the plant. At one of the plants that we visited, the supervisor of the block line
explained to us that he had achieved great savings for the company through his involvement
in the process of design and acquisition of the new line. He claimed that he was able to cut
the capital investment significantly by concentrating more operations on fewer machines
and by choosing a relatively slow cycle such as to be able to use cheaper tooling.
In order to investigate this issue, we prepared a list of steps in the process of design and
installation of lines, and we asked the plants to rate their level of involvement. The steps are
listed in table 3.6 together with the average and standard deviation of the level of
involvement of plants in each step based on a numerical scale where 4 means that the plant
took the lead in the activity and I means that the plant had little or no role.
As shown on Table 3.7, the data for level of plant involvement did not confirm our
hypothesis: the level of plant involvement defined based on the activities listed below is not
significantly correlated with cost-performance. Moreover, efficiency and investment are not
associated with this variable either. However, the number of workers (production workers
and total number of workers) does appear to be positively correlated with plant
involvement: an increase in the level of plant involvement of one unit (based on our scale)
was associated with an increase of 6.22 production workers, and 12.5 workers total. This
effect seems to result from a bias in our sample: plants in North America show a
significantly higher level of plant involvement than others (average of 3.26 in North
America vs. 2.60 in other plants) and they also tend to have more workers per shift because
of their inclination towards larger engines. In fact, the significance of the number of
cylinders declines when we include plant involvement in the model for cost (compared with
Table 3.1).
The lack of a visible effect of this variable on performance may be explained by the fact that
plant involvement is mainly relevant for older plants which renew some of the lines. Thus
any advantage that may result from an increased involvement of plant personnel may be
hidden by the age of the plant (the effect of the age of the plant is discussed below).
Table 3.6: Level of plant involvement in development of lines - List of Activities
Activity average standard
deviation
define performance requirements of individual machines 3.2 0.9
define performance requirements for entire line 3.2 0.9
define requirements for layout + material handling 3.2 1.1
do system engineering 3.3 0.8
define requirements for inspection 3.4 0.8
decide criteria for equipment suppliers 2.9 1.1
choose candidate for suppliers 2.7 1.3
choose supplier 2.9 1.0
do process planning 3.3 0.8
design the machines 2.6 1.0
design the production lines 2.7 0.9
build machines and other equipment 1.4 0.6
write software 2.1 0.9
write NC software 2.2 0.9
install 2.2 0.8
verify 3.4 1.0
maintain and modify software 3.5 0.7
decide equipment maintenance procedures 3.6 1.0
decide maintenance training procedures 3.7 1.0
AVERAGE: 2.9 0.9
4 = takes the lead; 3 = participates about equally
2 = suggests; I = little or no role
Table 3.7: Effect of plant involvement on performance
Dependent Variable Cost TW/shift PW/shift investment efficiency
Independent Variable
intercept 12.078 -93.508 -33.842 -99.774 0.773
0.62 -3.63 *** -1.93 ** -2.26 ** 3.65 ***
plant involvement 4.021 12.510 6.222 7.135 0.032
1.05 2.47 ** 1.81 ** 0.83 0.77
cylinders 4.701 5.164 1.236 9.844 -0.022
2.09 ** 1.74 ** 0.61 1.94 ** -0.92
sqrt variants 5.018 8.325 5.314 6.806 -0.019
1.53 * 1.93 ** 1.81 ** 0.92 -0.53
utilization -0.515 0.336 0.248 -0.420 0.230
-2.99 *** 1.48 * 1.61 * -1.08 1.23
capacity JPH 0.055 0.309 0.079 1.067 -0.001
0.68 2.91 *** 1.10 5.89 *** -1.38 *
R square 0.501 0.588 0.419 0.657 0.193
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Age of Equipment
The age of the plant is expected to have some effect on the performance of plants. In
general, we have seen old equipment being able to produce good engines. At one of the
plants that I visited, people were very proud that some of their machines dated from the
1950's and that they were still able to place on the top tier in terms of quality within their
corporation. However, we expected to see some type of improvement over the years in
terms of the productivity of plants. At one of the plants in our sample which has been
running since the 1960's, people emphasized that it was harder to achieve high efficiency
on older machines: they claim older machines are typically less flexible for handling
variety, they required longer changeovers and tool changes, they had less controls to
diagnose problems, and they may fail more often.
As shown on Table 3.8, the data from our sample suggests that the age of the plant is
negatively correlated with cost-performance: the older the plant, the lower performance.
Each additional year of age of the plant is associated with an increase in cost of $0.39 per
block (significant close to a 5% level) and with a decrease in efficiency of 0.5 percentage
points (significant close to the 2% level). However, as shown on Table 3.9, the age of the
block machining line is not correlated with cost-performance. In fact, the age of the line is
associated with lower efficiency, but it is also negatively related to investment. The two
effects seem to balance out: an older plant, on average, has lower efficiency but requires a
lower investment (investment is measured as the "current value of the line", so inflation is
supposed to have been already taken into account).
Table 3.8: Effect of age of plant on performance
Dependent Variable: Cost TW/shift PW/shift investment efficiency
Independent Variable:
age of plant 0.3916 -0.1024 0.07089 -0.4166 -0.0051
1.67 * -0.28 0.30 -0.76 -2.16 **
cylinders 4.328 8.321 2.407 12.815 0.0017
2.02 ** 2.47 ** 1.12 2.55 ** 0.08
sqrt variants 4.390 8.903 5.367 7.823 -0.0079
1.39 * 1.78 ** 1.68 * 1.05 -0.24
utilization -0.451 0.476 0.323 -0.356 0.243
-2.81 *** 1.88 ** 2.00 ** -0.94 1.48 *
cap.JPH -0.0072 0.2897 0.0538 1.1033 -0.0006
-0.09 2.23 ** 0.65 5.68 *** -0.72
R square 0.540 0.458 0.321 0.655 0.331
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Table 3.9: Effect of age of line on performance
Dependent Variable: Cost TW/shift PW/shift investment efficiency
Independent Variable:
age of line 0.060 -0.539 0.058 -1.572 -0.0074
0.17 -1.08 0.18 -2.28 ** -2.25 **
cylinders 5.405 9.827 2.439 16.817 0.0102
2.21 ** 2.81 *** 1.06 3.48 *** 0.44
sqrt variants 4.910 10.804 5.275 13.136 0.0112
1.36 * 2.08 ** 1.54 * 1.83 ** 0.33
utilization -0.476 0.551 0.312 -0.132 0.3646
-2.69 *** 2.17 ** 1.86 ** -0.37 2.16 **
cap.JPH 0.040 0.312 0.059 1.152 -0.0007
0.47 2.56 *** 0.74 6.84 *** -0.99
R square 0.473 0.487 0.319 0.721 0.3426
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Cumulative Production
In order to study further the effect of learning on performance, we turned to cumulative
production for each engine family. On average, the plants in our sample have a cumulative
production of 3.2 million for each engine family. As shown on Table 3.10, cumulative
production does not appear to be correlated to performance. However, from informal
conversations with people from the plants, it seems that plants do require some time in
order to build up efficiency: two years appears to be a reasonable time for a plant to reach a
level of efficiency close to a steady state.
Table 3.10: Effect of cumulative production on performance
Dependent Variable: Cost TW/shift PW/shift investment efficiency
Independent Variables:
intercept 20.262 -74.188 -23.153 -91.373 0.7622
0.99 -2.45 ** -1.20 -1.99 ** 3.51 ***
cumulative production 0.479 0.440 0.400 -0.196 -0.00917
(in millions) 0.41 0.26 0.37 -0.075 -0.74
cylinders 5.169 7.583 2.270 11.63 -0.0068
2.17 ** 2.16 ** 1.01 2.18 ** -0.27
sqrt variants 4.885 8.470 5.288 7.128 -0.0129
1.44 * 1.68 * 1.64 * 0.93 -0.36
utilization -0.462 0.487 0.003 -0.340 0.253
-2.69 *** 1.92 ** 2.01 ** -0.89 1.39 *
cap.JPH 0.025 0.259 0.047 1.056 -0.0009
0.27 1.86 ** 0.53 5.02 *** -0.93
R square 0.6448 0.457 0.323 0.645 0.1909
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Number of Machines
One of the most visible differences across various plants is the size of the lines and the
machines. One of the most significant indicators of this size is the number of cutting
machines (for milling, broaching, drilling, boring, honing, etc.). We expected the number
of machines to be directly related to the number of production workers since you need
operators to run machines, and to the total number of workers because you also need
support workers to feed the extra machines and handle the extra WIP inventory. We also
expected investment to be linked to the number of machines: the more machines, the more
investment will be needed
We used ordinary-least-squares (OLS) regressions to study the effect of the number of
block line machines on performance. As shown on table 3.11, the number of cutting
machines is significantly associated with the number of workers, but not with the
efficiency, investment or cost. Each additional machine is associated with 0.89 additional
production workers, and 1.6 workers total, which confirms our hypothesis about workers.
The effect of the number of machines on workers seems to replace to some extent the effect
of the number of cylinders: the significance of the number of cylinders in explaining the
number of production workers and total workers decreases significantly when the number
of machines is included in the model. This may shed some insight into the nature of the
relationship between the number of cylinders and the number of workers: the number of
cylinders has a strong effect on the number of machines, which in turn has a strong effect
on the number of workers.
Investment, on the other hand, was not significantly affected by the number of machines
despite the fact that investment and machines are correlated when compared one-on-one.
This may suggest that investment depends mainly on the number of cylinders and other
external factors, and the number of machines is not as important once you have accounted
for the external factors. Perhaps, given the number of cylinders, a plant can decide to
concentrate operations in more or fewer machines without affecting the value of
investment, but having a direct effect on the number of workers required to run the line.
Table 3.11: Effect of number of cutting machines on performance in block machining
lines
Dependent Variable Cost TW / shift PW / shift investment efficiency
Independent Variables:
intercept 16.142 -66.342 -19.697 -93.155 0.832
0.82 -2.58 *** -1.16 -2.13 ** 3.97***
cutting machines -0.202 1.597 0.891 -0.448 0.003
-0.38 2.31 ** 1.95 ** -0.38 0.45
cylinders 5.995 4.923 0.930 12.313 -0.020
2.55 *** 1.60 * 0.46 2.34 ** -0.80
sqrt variants 5.438 6.360 4.194 7.682 -0.021
1.58 * 1.41 * 1.41 * 1.00 -0.59
utilization -0.468 0.475 0.317 -0.336 0.266
-2.74 *** 2.13 ** 2.14 ** -0.88 1.46 *
Capacity JPH 0.065 0.108 -0.031 1.096 -0.002
0.66 0.84 -0.36 4.97 *** -1.47 *
R Square 0.476 0.575 0.432 0.647 0.176
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
We regressed the number of machines against the variables for our external factors as
shown on Table 3.13, and confirmed that the number of cylinders is significantly
associated with the number of machines. In fact, on average, each additional cylinder is
associated with almost 2 additional cutting machines. Capacity is the other important
determinant of the number of machines, each unit of capacity per hour is associated with
0.10 machines (significant beyond the 2% level).
Table 3.12: Determinants of number of machines
Dependent Variable: Number of cutting
machines in block
Independent Variable: machining line
Intercept -6.52
-0.80
number of cylinders 1.92
2.13 **
square root number of variants 1.47
1.04
utilization 0.33
0.05
capacity (JPH) 0.10
3.05 ***
R Square 0.38
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Total Productive Maintenance
Total Productive Maintenance Programs have been adopted by all engine plants in our
sample. On average, TPM programs had been implemented for 2.3 years before plants
filled out the questionnaire. One of the main objectives of these programs is to improve the
efficiency of machining lines.
Generally, plants start by keeping track of downtime for the most troublesome machines on
the key machining lines. Operators are usually responsible for keeping track of the stops of
their machine. Pareto charts are then prepared to identify the main source of downtime, and
a preventive maintenance schedule is prepared to reduce downtime by targeting the specific
problems identified. Workers are expected to participate in this program by becoming
responsible for certain basic preventive maintenance operations such as cleaning up their
workspace and making certain adjustments.
We expect to see some positive effect of TPM on the efficiency of lines. The data in our
sample, however, does not provide evidence for this. As shown on table 3.14, the number
of years since the implementation of TPM is not significantly associated with the efficiency
of the block machining lines or their cost-performance. In order to analyze the effect of
TPM on efficiency, a different type of dataset and analysis would be necessary. We would
need a longitudinal series of data for the efficiency of the lines or machines that would
cover a period of time which would allow us to see on each line or machine whether there
was an improvement over time as a result of the implementation of TPM.
Table 3.13: Effect of Total Productive Maintenance (TPM)
Dependent Variable Cost efficiency
Independent Variables:
intercept 17.83 0.809
0.92 3.92 ***
number of years of TPM -0.63 0.011
-0.32 0.55
cylinders 5.65 -0.016
2.65 *** --0.70
sqrt variants 4.93 -014
1.44 * -0.39
utilization -0.45 0.243
-2.59 *** 1.29*
Capacity JPH 0.05 -0.001
0.58 -1.54 *
R Square 0.474 0.180
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
3.2.3 Labor Policies
Labor characteristics
We examined the effect of various labor characteristics on the performance of engine plants:
absenteeism, age of workers, turnover rate, and training through the use of ordinary-least-
squares regressions.
As shown on table 3.14, higher absenteeism is associated with lower performance through
lower efficiency and higher cost per unit. Each additional percentage point in absenteeism is
associated with an increase in cost per block of $0.77 (significant at the 10% level), and a
fall in efficiency of 1.2 percentage points (significant beyond the 5% level).
Age of workers is also associated with higher cost and lower efficiency. Regression results
suggest that an additional year n the average age of workers is significantly associated
(beyond the 5% level) with a cost per unit $0.82 higher and an efficiency 0.94 percentage
points lower. Conversations during our plant visits suggest one possible explanation which
may contribute to this effect of age: it seems to be harder for workers who have spent many
years at a factory to adopt new production systems. Younger workers may be more flexible
and willing to implement programs such as TPM or Total Quality, while it may be harder
for older workers to change their ways.
The turnover rate of workers and the level of training may be indicators of the rate of
acquisition of expertise of workers. We expected to see more expertise to be associated
with better performance. Our data did not confirm this hypothesis, neither turnover nor
training are significantly associated with efficiency or cost. Perhaps, the possible positive
effect of training is hidden by certain circumstances: if plants respond to low performance
by increasing training, then the level of training may seem to be associated with poor
performance. In this case, a longitudinal study of the effect of training may be more
appropriate. In the case of turnover rate, a longitudinal study may also provide additional
insight into its effect on performance.
Table 3.14: Effect of Labor Characteristics on performance
Dependent Variable Cost efficiency Cost efficiency Cost efficiency Cost efficiency
Independent Variable
absenteeism 77.835 -1.2008
1.36 * -2.07**
age of workers 0.822 -0.0094
1.91** -2.07**
turnover 49.258 -0.8158
0.36 -0.55
training -0.049 0.0007
-0.42 0.63
intercept 8.367 0.9562 4.621 0.9628 12.522 0.8977 18.234 0.8033
0.43 4.80** 0.24 4.80*** 0.53 3.54*** 0.94 3.89***
cylinders 5.628 -0.0155 3.556 0.0082 5.993 -0.0216 5.479 -0.0132
2.76*** -0.75 1.60* 0.35 2.51*** -0.85 2.55*** -0.58
sqrt variants 5.159 -0.0181 4.811 -0.0140 5.426 -0.0225 4.965 -0.0150
1.61 -0.56 1.56* -0.43 1.58* -0.61 1.47* -0.42
utilization 0.449 0.2362 -0.410 0.1994 -49.231 0.3058 -0.449 0.2351
-2.73*** 1.42* -2.56*** 1.18 -2.69*** 1.57* -2.54 1.25
capacity JPH 0.048 -0.0013 -0.050 -0.0002 0.059 -0.0015 0.050 -0.0013
0.62 -1.71* -0.56 -0.22 0.64 -1.57* 0.61 -1.57*
RSquare 0.519 0.3209 0.557 0.3206 0.475 0.1805 0.477 0.1841
Note: The number in italics is the t-statistic corresponding to the coefficient.
Asterisks are used to show the significance of each variable: * means that the
probability of sign error is between 5% and 10%, ** between 1% and 5%, and ***
below 1%.
Organization in Teams / Incentive programs
Organization of workers in teams and incentive programs as well as other policies towards
the empowerement of workers have been identified as having a strong effect on
performance of manufacturing facilities. We included a series of questions regarding this
type of policies in our questionnaire. Table 3.15 summarizes some of the results from our
survey.
Table 3.15: Summary of Labor policies
Policy Question
Organization of teams in machining
lines
Incentive Programs
Suggestion Programs
* Do you have work teams?
* Number of teams
* Year teams started
* Do you have team leader
* Are leaders elected?
* Do you have a formal
suggestion program?
* Do you have outstanding work
awards?
* Do you have special recognition
awards?
* Do you have regular
performance evaluations?
* Average number of suggestions
per worker per year
* Percent of suggestions accepted
82% yes, 13% no, 5% no response
average: 33 (of those responding yes)
1991 (average)
87% yes, 13% no
40% yes, 60% no
77.5% yes, 6% no, 17% no response
44% yes, 39% no, 17% no response
67% yes, 17% no, 17% no response
77% yes, 6% no, 17% no response
2
53% (average)
The policies summarized on the table above are expected to have strong effects on the
performance of the plants. The data from our sample, however, are not appropriate to test
such hypothesis. A longitudinal study would seem more appropriate.
3.3 Tradeoffs Among Drivers of Performance: Substitution of
resources
Given that our measure of cost-performance is actually constructed from efficiency,
investment, and the number of workers, together with capacity and utilization as well as
local wages (from cost formula in section 3), it is logical that variation in cost can be
explained by variation in these variables. However, it remains to be understood how each
of these variables affects cost-performance. In order to quantify such effects, we used our
cost function from equation 1 to calculate the change in cost per unit that would arise from a
unit change in each of our factors: workers, investment and efficiency.
Response
As shown on Table 3.16, each additional worker per shift adds on average $0.31 to the
unit production cost of a cylinder block (based on equations 3.1 to 3.3 and using the local
labor cost corresponding to each plant). This marginal cost per unit of a worker is a
function of wage, as well as the level of capacity and efficiency. Based on our cost function
in section 3, the marginal cost per unit of adding one worker would take the form (partial
derivative):
MC ""itworkers = wage / (capacity. efficiency) (equation 3.1)
Similarly, the marginal cost per unit of adding a million dollars of investment, and of losing
a one percentage point in efficiency would be:
MC unit"""investment = ($1 M. cost of capital) / (capacity. efficiency. utilization ) (equation 3.2)
MC unit f= - [(wage. # workers) /(cap. eff2) ] - [( inv. capitalcost) /(cap. util. eff2)] (eq. 3.3)
Table 3.16: Marginal cost of workers, efficiency
to 3.3 used on the data in our sample)
Marginal cost of:
Workers
Efficiency
Investment
average
$0.31
$0.44
$0.30
and investment (based on equations 3.1
lowest
$.03
$0.15
$0.17
highest
$1.01
$1.05
$0.72
The summary of the values of these marginal costs are shown on Table 3.16. These results
can also be read as:
If we could.., while holding all else the same we would save
(on average)...
cut one worker per shift $0.31 per unit
improve efficiency by one percentage point $0.44 per unit
reduce investment required by $1 million $0.30 per unit
The question that immediately follows these results is how to reduce the work force, or
improve efficiency, or reduce the investment. One possible path is to substitute resources
for one another.
Substitution of resources - Tradeoffs between workers, investment,
efficiency
By substituting resources, we may for example be able to reduce the number of workers by
adding investment for automation. Or we may improve efficiency by adding workers to
make sure the line stays up. Would these substitutions make sense? Would the additional
cost of extra investment be justified by the savings in labor? Would the benefit of
improving efficiency exceed the cost of the extra workers? In order to resolve these
questions through a benefit/cost analysis, we would need to know both the marginal costs
of the "resources" (investment, workers, efficiency) and the rate at which we may be able
to substitute a resource for another: the marginal rate of substitution.
Given the complexities of an engine plant, it is not possible to construct a measure of the
marginal rate of substitution. On the factory floor, certain substitutions are possible, such
as the choice whether to automate certain operations, or the decision of how many people to
put in charge of operating and maintaining the machines. Moreover, most substitutions can
not be multiplied or divided: being able to substitute an automatic station for one worker
does not necessarily mean we can replace 10 stations for 10 workers, or half for half.
Understanding these limitations of any estimation of a marginal rate of substitution, we
looked at our regression results for some insight into the tradeoffs among our resources.
Workers vs. investment
We had formulated the hypothesis that it is possible to a certain extent to substitute workers
for investment, so we expected to see a negative correlation between the number of
workers and investment. This hypothesis was confirmed with the negative coefficient
found for the investment in the regression for the number of workers in Table 3.2. One
million dollars of additional investment is associated with 0.14 less production workers
(PW), and 0.103 less workers total (TW). The association with PW is also more
significant than that with TW: the probabilities of sign error in the estimation of the
coefficient are below 1% and above 10% for PW and TW respectively. This result makes
sense to the extent that investment substitutes operators, direct workers, so we can expect
the relationship with PW to be more direct and thus yield more significant results.
Moreover, while additional investment in automation may reduce the need for operators, it
may increase the need for indirect workers. In fact, automation such as robots for loading
and unloading blocks into and out of the line, or to maintain buffer levels, which is the type
of automation where substitutions may be possible in a block machining line, generally
requires a lot of attention and maintenance, and thus more indirect workers. During various
plant visits we were told stories of this type of automation being particularly unreliable, and
at least in one case, the plant personnel simply stopped using a robot to load blocks into the
line because they were not able to make it work appropriately. In sum, it seems
understandable that investment is clearly associated with less operators while the
association with total workers is much less clear: does the reduced number of operators
offset the increased number of indirect workers?
Efficiency vs. Workers and investment
We expected the number of workers to be positively correlated with efficiency, based on
the hypothesis that if more people are available to work on the machines, the more likely
they would be to keep the machines up and the less time it would take to fix machines or to
change tools. The regression results in Table 3.3 seem to confirm this hypothesis. Both the
number of production workers and total workers are positively correlated with efficiency:
One additional worker total (TW) is associated with a 0.216 percentage point increase in
efficiency. Even though regressions do not imply a causality link but a mere association,
this association, significant beyond 5% (probability of sign error is less than 5% for the
calculated coefficients) may serve to illustrate that reducing the number of workers may
have a negative effect on efficiency.
Investment is also positively correlated to efficiency. An additional million dollars in
investment is associated with an improvement in efficiency of 0.127 percentage points
(significant at 5% level). This may suggest that incremental investments may help to
improve efficiency. Perhaps, efficiency can be increased by investing in more flexibility
such as to reduce the time to change tools or to change variants, or in better controls to
make it easier to monitor the machines and diagnose problems.
The relationships we have found can be summarized as follows:
A change of...
(holding all else
the same)
increases cost
per unit by ...
and is associated
with...
-0.14 production
workers (PW)
- 0.10 total
workers (TW)
+ 0.127 percent
points higher
efficiency
+1 Production worker
+1 Total worker
- 1 percentage point
lower efficiency
$0.31
$0.31
$0.44
+.5 percent points higher efficiency
+.216 percent points higher efficiency
3.4 Summary of Analysis of Performance
* External factors which can not be directly controlled by the plant (the number of
cylinders, number of variants, level of utilization) are associated with almost half of the
variation in cost-performance. The number of cylinders is associated with a higher cost
per block , and it is correlated with more workers, more investment, and to a less
certain extent to efficiency. An increase in the number of variants is also weakly
associated to higher cost, more investment, and lower efficiency, and is significantly
correlated to more workers. Finally, the level of utilization is associated with better
performance: high utilization leads to lower cost since it is associated with better
efficiency which outweigh the correlation of higher utilization with more investment
and more workers.
* Other factors which are under closer control by the plant also have an effect on cost
performance. A higher level of WIP inventory on the block machining line was closely
associated with a higher cost per unit, more workers (support workers), and more
investment.
+ $1 M USD
investment
$0.30
We also investigated various policies and characteristics relating to the equipment and
facilities. The age of the plant appeared to have a negative effect on cost-performance.
Other measures such as cumulative production, the number of cutting machines, or the
number of years of implementation of Total Productive Maintenance programs did not
show a significant association with performance in our analysis.
Some labor policies and characteristics showed some associations with performance:
older workers are associated with higher cost per block and lower efficiency. Similarly,
higher absenteeism is correlated (weakly) with higher cost and to lower efficiency.
* We also examined the possible trade-offs among the "resources" of the plant: labor,
capital , and efficiency. There appear to be statistically significant trade-offs among
these resources, which suggests that some substitutions may be possible: replacing
workers with investment in equipment, or improving efficiency by having more people
on the lines.
Table 3.17 summarizes the results of our statistical analysis.
Table 3.17: Summary of statistical analysis
Dependent Variable: cost PW TW investment efficiency
per shift per shift
Independent Variable
External factors
* number of cylinders
* number of variants
* level of utilization
* capacity
Inventory
* WIP inventory
Equipment Policies
* plant involvement
* age of plant
* age of line
* cumulative production
* number of cutting machines
* number of years of TQM
Labor Policies
* absenteeism
* age of workers
* worker turnover rate
* training
* incentive programs
0
0
+
0
0
0
0
+
0
0
0
++
++
0
++
+
++
0
0
0
++
0
0
0
0
0
0
++
++
++
0
++
0
0
0
++
0
0
0
0
0
0
++
++
f+
++
0
++
++
0
0
0
Note: +++ / --- mean that the variables
probability of sign error below 1%; ++ /
and 10%.
are positively / negatively correlated, with a
-- between 1% and 5%; and + / - between 5%
B~iQs~·l ·I~- · llllC·~·~··C-·7-· I _-- -- _~-F-~- -- _. -_-~ - -------- I -- - - -··~---··- --- ·-- · I
Appendix to Chapter 3
Adjusting the number of workers, efficiency, and investment for external
factors
In order to analyze the variation in cost-performance across plants, in section 3.2, we
adjusted the factors that directly determine performance (workers, investment, and
efficiency) by the external factors (number of cylinders, number of variants, utilization).
This appendix explains how this adjustment was performed.
In tables 3.2 and 3.3, we showed the results for the regressions of the factors that
determine performance as dependent variables on the external factors as independent (or
explanatory) variables. We used these coefficients in order to make the adjustments.
For example, the average number of cylinders was 4.8; and based on table 3.2, one
additional cylinder is associated with 2.6 more production workers. Thus, we added a
factor to the number of production workers at each plant as follows:
PW , adjusted = PW i + 2.6 x (4.8 - cylinders i )
where PW i adjusted is the adjusted number of production workers per shift on
block line i;
PW i is the number of production workers per shift on block line i
cylinders i is the number of cylinders of the engine produced on block line i;
Thus, for instance, a line that produces a block for a 4-cylinder engine would get 2.08
production workers added to its normal number, while a line that produces a 6-cylinder
engine would get 3.12 production workers subtracted.
Similarly, we adjusted the number of workers, investment and efficiency for cylinders,
variants, and utilization using the appropriate coefficients from table 3.2. Then, we used
equation 2.1 to calculate the adjusted cost per block using the adjusted investment,
efficiency, and number of workers. In addition, we used the average level of utilization in
the calculation: we used 55% utilization for all lines.
Chapter 4: Conclusions,
Implications and
Recommendations
4.1 Findings
4.1.1 There is a lot of variation in performance across plants.
The one feature that was shared by all measures of performance that we investigated was
the existence of substantial variation from plant to plant. The ratio of highest to lowest
cost-performance is 6 to 1, the ratio of highest to lowest hours per engine was
approximately 3 to 1, and that of highest to lowest capital productivity was estimated in the
order of 4 to 1.
As explained in chapter 3, half of the variation appears to be explained by external factors
which are not under the control of the plant such as the type of engine, the level of variety,
and the level of utilization. If we include both external and internal factors such as the level
of inventory, the age of the plant and the age of workers, close to two thirds of variation
can be statistically explained. The remaining variation is still relatively large, and it
suggests that some plants are capable of managing engine production more efficiently than
others.
There may be some errors and inaccuracies in our data because of incomplete information,
or different methods having been used by different plants. Assuming that such error was
random (not biased), it would contribute to variation, and all relationships and correlations
would appear to be weaker than they actually are. For this reason, we may expect that
because of the error, most coefficients and correlations are underestimated because of the
error.
4.1.2 Plants have remarkably little control over cost-performance.
Three quarters of the cost of an engine consists of purchased parts and components. These
activities fall typically under the responsibility of some centralized department which
negotiates with suppliers. Thus, the largest share of cost does not depend on the
management of an engine plant.
As explained above, half of variation in cost-performance may be attributed to factors that
fall beyond the control of engine plants: type of engine, level of variety, and level of
utilization.
The level of utilization is determined by demand fluctuations for specific products, and the
allocation decisions of companies. In fact, in certain cases where an engine is produced at
more than one plant, the corporation decides the amount of production allocated to each
plant. Moreover, such allocation decisions seem to be based in part on the performance of
engine plants, which may create a reinforcing cycle: better performance leads to increased
production, which leads to higher utilization, which in turn leads to better performance. At
one of the plants that we visited, for example, the management was upset with some of the
performance evaluations by the company. They were first instructed to hire and train
workers in order to launch a second shift (the plant had been running on only one shift).
After the plant had hired the additional workers and started to train them, the corporation
changed the order and called for the plant to stay on one shift.. Because of the resulting
excess of people, the plant appears on the bottom of various performance evaluations
conducted by the corporation without having done anything wrong.
The type of engine produced, and the number of cylinders of the engine, are determined by
demand, product development, and product allocation decisions by the corporation. A plant
is often constructed or remodeled in order to produce a certain type of engine, so this
variable is usually an exogenous factor which is simply imposed on a plant and has a
significant effect on performance.
The number of variants is also determined by the corporation based on demand
requirements, and on basic vehicle characteristics. This variable is also exogenous to the
plant which simply follows the indications of the corporation in terms of how many types
of engines to be produced. Some plants have reported a problem of creeping variety, where
they start producing one type of engine and over time start incorporating an increasing
number of engine types.
Moreover, the trend towards outsourcing most components of an engine is a cause of
concern about a loss of control over some of the key competitive assets and technological
innovation in engine production. Most recent advances in engine technology consist of
changes in the fuel system, valve train, pistons, manifolds or other components, geared
towards improving the power and performance of engines. These changes affect parts not
typically produced in engine plants. The parts that are produced in engine plants, like
blocks and crankshafts have seen relatively few changes in decades. In some cases, the
new technologies are housed in products developed by suppliers that belong to the same
company, but in many cases, the technology is owned by an external supplier. The
Industrial Engineering Manager at one of the plants that I visited found a shocking analogy
in the case of the personal computer industry, where power has shifted away from
assemblers such as IBM and towards producers of critical components, such as Intel and
Microsoft during the last 15 years.
4.1.3 The age of plant and of workers does affect the performance of a
plant, but innovation of process technology seems to move slowly.
As shown by the regression results in chapter 3, age seems to affect the performance of a
plant. Older lines are associated with lower efficiency, but in some cases lower investment
too, which may compensate for the lower efficiency. In fact, the correlation of older plants
with higher cost seems to derive mainly from the age of workers: older plants seem to have
lower efficiency because workers tend to be older. Moreover, older workers seem to be
associated with a lower number of workers per shift but lower efficiency, and overall,
higher cost.
Despite the modest effect of age on cost-performance, it appears that in many respects, old
plants and equipment do just as well as modern lines. At one of the plants that I visited,
some of the machines that were in use dated from the 1950's, and nonetheless, the
management claimed to be obtaining top results in terms of quality within the network of
plants in the company. Many other old lines date from the 1960's and 70's and are still able
to produce good quality products with efficiencies similar to those found on new lines.
According to various conversations with people from the plants, newer machines were
somewhat better at obtaining closer tolerances and faster changeovers.
However, there seem to have been relatively little technological advances in the production
process found at engine plants during the last three decades. Block machining lines are
almost identical as they were two decades ago, except for the introduction of Aluminum
blocks which adds another complexity to the process: Aluminum is much softer than cast
iron and thus gets scratched and becomes scrap more easily.
Other machining lines have seen some more significant technological changes in their
process: crankshaft machining lines have adopted NC technology; some connecting rods
are now made of sintered metal powder and then fractured; camshaft lines have adopted
new technologies for treating the surfaces; and cylinder head machining lines have been
somewhat modified to support the newer valve arrangements and fuel systems. Altogether,
however, innovation on these lines has only been incremental and not radical.
4.1.4 Work-in-Process Inventory is a good indicator of performance
Like in other studies, our statistical analysis attributed to WIP inventory a significant
explanatory value. It is not clear which way the causal relationship goes: does good
performance allow you to have low WIP, or is it low WIP that allows you to improve
performance? As discussed in chapter 3, it is probably a combination of both, and this
association may suggest that plants that have focused more on lowering WIP have achieved
better results.
Moreover, WIP inventory appeared to be a principal mechanism through which variety
hurts performance: more variety is associated with more WIP, which in turn is correlated
with poorer performance.
4.1.5 Labor policies and TPM
While we expected that certain policies such as Total Productive Maintenance or Quality
teams would have strong effects on performance of plants, our hypothesis was not
supported by our data as explained in chapter 3. However, it seems noticeable that all
plants are adopting similar practices and policies with the same objectives: it seems that
unlike the substantial difference in approaches between "mass" and "lean" production
systems revealed in the Machine that Changed the World, all plants in our sample on a first
look seem to be following similar approaches. This process of convergence towards certain
policies is further discussed in section 4.2.
4.1.6 Substitution of resources
Even in block machining lines, where transfer lines are used by most plants, there seem to
be certain substitutions possible among resources. Some capital investment could be saved
by having workers load the blocks manually to the line instead of spending in automation,
or perhaps investing in more flexible machines may make changeovers quicker and reduce
the labor time required. Also, additional workers can be devoted to the maintenance of a
line in order to cut down the downtime and thus increase efficiency.
Given that such substitutions are available, if plants are evaluated by some metric which
focuses only on certain resources, they would have the incentive to substitute certain
resources for others, which may lead to a non-optimal use of resources such as excess
investment and lack of enough people. For this reason, some single-factor measures may
cause some adverse incentives for a plant.
4.2 Implications for managing engine plants
4.2.1 Focus needs to shift from identifying best practice to
implementing best practice
As shown on The Machine that Changed the World (Womack et al, 1990), previous
studies had found that there were radical differences in performance across companies and
across geographical regions, mainly because of a substantial difference in the approaches
followed by various companies (lean vs. mass production). Thus, at the end of the 1980's,
superior performance could be attributed to pursuing a superior paradigm, and the key to
improving performance seemed to lie on switching to lean manufacturing.
Recently, it appears that companies have already identified some of the key elements
associated with superior production systems:
Emphasis on manufacturing. For decades, manufacturing was not given a proper
importance in many manufacturing organizations and manufacturing concerns played
little role in the main decisions of companies. Recently, manufacturing has become
more and more tightly integrated in the key strategy of manufacturing companies, and it
has become widely understood that enough emphasis needs to be placed on
manufacturing capabilities and the interaction of manufacturing with other activities of a
company in order to be competitive.
* Empowerment of workers. Most automotive companies are following a trend
towards giving more responsibility to the workers. Operators, for example, tend to
become more responsible for some basic maintenance of the machines that they run, as
well as some cleaning of their work area. Rework areas are being eliminated by making
operators more responsible to check for the quality of their own operations. Workers
are also encouraged to participate more in improvement programs through the creation
of suggestion programs, quality circles, etc.
* Focus on quality. Companies have become a lot more focused on achieving good
quality, in terms of satisfying the needs of their customer. Automotive companies seem
to have strengthened their efforts to improve the quality of their products by getting the
plants and workers more aware of the needs of the customer.
* Use of benchmarking. Benchmarking has become wide spread as a method of
finding out where one stands and what to focus on. Many companies have started
conducting internal surveys to compare performance across their facilities, and they are
becoming more and more willing to exchange information with other companies in
order to get a better idea of what they need to do in order to improve.
* Measure performance. Plants have also become conscious that in order to improve
they need to measure and track performance. Companies have constructed new
measures of performance to track their evolution. However, it still seems that among all
measures, people in the industry regard labor productivity as the main indicator of
performance.
Having identified these elements of superior performance, all plants are in the process of
implementing them in certain ways. There is a convergence in terms of the practices and
policies used across companies. Every plant is adopting some form of Total Quality
Management, Total Productive Maintenance programs, etc. For example, all of the plants
that explained to us in detail the main elements of their TPM programs during plant visits
seem to trace their efforts back to the TPM book by Nakajima (1988). Similarly, all plants
are trying to operate on a Just in Time basis, negotiating with suppliers more frequent
deliveries on shorter lead times.
In part because of this convergence in terms of approaches to manufacturing, there is also a
convergence process in terms of levels of performance. The best plants from European and
American have significantly closed down the gap in terms of performance that used to
exist. Various studies, like the IMVP international study of assembly plants, have shown
that there is a very significant process of convergence where differences across regions are
eroding. Variation within regions clearly dominates over variation across regions.
The main challenge seems to be now to implement these new policies effectively: the ability
to create the necessary change in the organization in order to be able to incorporate the new
concepts and overcome the many obstacles.... It is not enough to make superficial changes
and call them quality teams and lean manufacturing. The organization has to be transformed
in order to fully adopt the new approach to manufacturing.
Unlike the general concepts of lean manufacturing, which are generally transferable to any
country or company, the process of implementation seems to be much more specific to
individual plants because of the specific obstacles that each plant confronts: age of labor
force, lack of experience, insufficient supplier infrastructure, resistance from parts of the
organization. Thus, each plant has to create its own action plan in order to enact change.
In sum, it appears that plants have already been able to identify the main elements of
superior performance but are currently struggling to fully assimilate such elements into their
own manufacturing systems. Plants now need to find the way to enact change in their
organization in order to achieve the objectives that have been identified.
4.2.2 Obstacles to turning concepts into action
The elements of best practice that companies have identified consist of a series of concepts
that can be emulated, but that still require the definition of an implementation strategy. Once
a company has identified a series of practices that lead to better performance, the following
step is to translate such ideas into practical targets and actions that may lead the system to
emulate such practices. The process of defining actions and targets to affect the behavior of
the system is complicated because it relies on certain assumptions of how the system is
going to respond to changes in policies. In fact, in order to be able to lead the system to the
desired behavior, it seems necessary to revise the targets and actions that are set to make
sure that they lead the system in the right direction.
There seems to be some evidence of this not being carried out appropriately in the past by
certain companies. For example, during the 1980's, companies went too far in automating
their processes: they had a concept that was meant to lead to better performance, but the
actions that they defined in order to implement that concept seem to have gone too far. In
the case of the elements of lean production, there is also a risk of actions not leading in the
right direction: plants may go too far and become too lean by cutting inventory too much to
the point that they become too vulnerable to any disturbance in the system; or they may end
up becoming too lean in terms of work force because of an excessive focus on reducing
direct labor. Similarly, some solutions may not really hit the core of a problem but simply
act on the symptoms. For example, in the current trend towards Just-in Time deliveries,
some plants have simply transferred the inventory to their suppliers which now deliver
more frequently. This does not achieve the real objective of lowering inventory which
would be to create a pull system where products are made when they are needed.
4.2.3 Establishment of appropriate measurement systems
In order to implement change in an organization and to affect the behavior of workers, one
of the critical elements is to establish an appropriate system to measure performance in
order to evaluate and monitor progress.
As indicated by various people at the plants, people tend to work on what is measured and
what they are evaluated and compensated for. Thus, it is critical that the measurement
system creates a set of incentives that are aligned with the interests of the company. Thus,
for example, continuing the current focus on labor productivity may lead to distorting
incentives and should be avoided.
In sum, plants have identified the key elements of superior productivity, but they are now
struggling to create the organizational change required to fully implement such practices.
This is because it is hard to translate concepts into actions in complex systems such as
engine plants or other manufacturing environments. One of the key elements in the process
of implementation is the establishment of appropriate measurement systems in order to
align the incentives of the people with those of the plant and the company.
4.3 Recommendations for further study
The IMVP Engine Plant Study has just completed its initial phase. Based on our
experience during this first phase, we can create a series of recommendations about the
lines of study that the project could pursue.
4.3.1 Conduct longitudinal analyses of performance
Up to now, all the statistical analysis that we have conducted is based on a cross-sectional
dataset. Such sample is useful in order to compare some basic characteristics of plants,
such as the type of engine or the number of variants, but it does not allow good analysis of
some more dynamic effects, such as the implementation of certain policies. In fact, any
improvements or variation due to the such policies is likely to be hidden under the large
variation across plants and will not come out in the analysis.
A longitudinal study should thus be conducted in order to investigate more effectively the
effect of policies such as Total Productive Maintenance Programs, and labor policies
(quality teams, incentive programs, training). Hayes and Clark (1985), for example, use
their longitudinal dataset to analyze the effect of various factors on productivity. They
gathered information for periods of time ranging from 1 to 8 years, in order to capture the
evolution of performance throughout the life of the plants in their sample.
In the case of the engine plant study, we need to construct our longitudinal datasets such
that they do include the evolution that we are trying to investigate. Each plant would then
tell its own story about the effect of TPM or labor policies. This effort will require a very
solid participation from plants, and only a few plants may be able to afford such effort.
However, because each plant would yield its own findings, meaningful results may be
obtained with just a few plants.
4.3.2 Conduct case studies
The effect of some practices and policies may best be illustrated through the use of case
studies. Shaiken and Herzenberg (1987), for example, conducted a detailed comparative
study of three engine plants belonging to the same company: one of the plants was located
in Mexico, one in Canada, and the third in the United States. The study focused on the
ability of workers to gain expertise in the operation of equipment. They looked in detail at
the block machining lines and the crankshaft machining lines and interviewed workers, and
kept track of the evolution of performance over a multi-year period. They found that
inexperienced Mexican workers required a period close to two years in order to gain
sufficient expertise to operate equipment at high efficiency levels, while experienced
American workers went up to speed in about six months.
Case studies of this sort may be the best way to illustrate, for example, the implementation
of a TPM program at one of the plants. Such study may show the various steps that need to
be taken and the difficulties encountered, as well as some of the results that may be
achieved. TPM is an particularly good topic to investigate through this method because the
strategies for implementation seem to vary widely across plants and results may be mixed.
Some of the plants have already expressed interest in participating in such case studies, so
it remains to define a set of case studies that may be representative of the "population" of
engine plants, and to determine the precise objectives of each study.
4.3.3 Increase and improve cross-sectional sample
The current cross-sectional sample in our study can be improved in order to yield more
statistically significant results, and insights on other areas that we have not yet explored.
* We have tried to clarify some ambiguities and inaccuracies that existed in the original
questionnaires, however, there are still some errors that need to be cleared out. In the
case of calculations of efficiency, for example, it is necessary to get more accurate data
about the number of parts produced and the number of hours used to produce them in
order to get more reliable data. In other cases, like investment data, it is necessary to
review the methods of calculation of each of the plants in order to get more comparable
data. We have tried to overcome the problems of timing and amounts of investment,
currency fluctuations, inflation, etc. by asking plants to provide an estimate for the
"current value of their lines". However, it is not clear yet how each plant performed the
calculations.
Once such errors are cleared, confidence in our results will be stronger, and some
relationships that may be hidden by the "noise" in our current data may be uncovered,
thus providing new insights.
* We need to increase the size of the sample. We currently account for nearly one fifth or
one sixth of total engine production capacity worldwide. However, given that the
absolute number of plants in the sample is still small while variation is large, and in
addition we are trying to investigate the relationship with a large number of variables,
the number of degrees of freedom in our regressions is relatively small3 .
Some new plants have already expressed interest in participating in the study, which
may allow us to increase the number of plants in the sample from 18 to close to 25.
The data in the sample provides some valuable information about other lines that we
have not examined yet. In particular, assembly lines should provide an interesting area
to investigate because the problems there seem to be very different in nature from those
found in block machining lines which have been the focus of the study until now. In
assembly plants there are wider technology choices in terms of the decisions of what to
automate and what to perform manually. Some assembly lines are the most expensive
lines on their corresponding plants, while at other plants they only required a relatively
small investment in the order of $15 to $20 million (in current value). The approaches
for engine assembly can be significantly different across plants: from an almost fully
automated transfer line to a fully manual line, to a set of islands where each operator is
in charge of an engine for a few minutes and performs a longer series of operations. A
statistical analysis can be conducted similar to the one that was used for block
machining lines in this thesis.
3 The number of degrees of freedom in a regression is the number of points in the sample minus the number
of independent variables. The more degrees of freedom, the more confidence we can have in our results.
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